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ABSTRACT 
This thesis consists of two parts. The first part describes the studies of 
octasubstituted oxo(phthalocyaninato)- and (naphthalocyaninato)oxo-titanium(IV) 
complexes while the second part describes the synthesis and oxygen atom transfer 
reactions of dioxotungsten(VI) complexes with N2O2 and N2S2 tetradentate ligands 
with the goal of modeling the function of tungstoenzymes. 
In part I the octasubstituted oxo(phthalocyaninato)titanium(IV) complexes 
I [Pc,(R)8]TiO (R = n-C7Hi5, OC5Hn, CH2OC5Hu) [Pc (R)8]TiO (R = OC4H9), and 
the 2,3-naphthalocyanine analog [Nc'(R)g]TiO (R = 11-C6H13) have been prepared by 
treating the corresponding substituted dicyanobenzenes C6H2(CN)2(R)2 or 
dicyanonaphthalene CioH4(CN)2(R)2 with TiCU or Ti(OC2H5)4 in. the presence of 
urea. [Pc (C7Hi5)8]TiO reacts with catechol to give the catecholato complex 
[Pc’(C7H15)8]Ti(02C6H4). The electronic absorption spectra of [Pc (C7Hi5)8]TiO 
have been measured in a wide range of non-coordinating and coordinating solvents. 
The solvent effects are mainly due to solvation and the band positions depend on the 
polarity and coordinating power of the solvents. UV-Vis spectroscopic studies have 
also revealed that aggregation exists in hexanes solutions of [Pc (C7Hi5)8]TiO and 
[Pc'(CH20C5Hii)8]Ti0, but not in chloroform solutions. lH NMR spectra of the 
[Pc,(R)8]TiO complexes in CDCI3 have shown that the aromatic protons shift 
downfield with decreasing concentration. This suggests that aggregation still exists 
in chloroform solutions of these compounds when their concentrations are 
sufficiently high. The absence of aromatic proton resonances in the NMR 
spectrum of [Nc (C6Hi3)8]TiO in CDCI3 indicates that th^ Nc moiety tends to 
x 
aggregate to a larger extent than the Pc moiety. The cyclic voltammograms of the 
octasubstituted PcTiO complexes exhibit typically two reversible reduction couples 
and two quasi-reversible oxidation couples, all of which are attributed to the Pc 
based redox processes. The HOMO-LUMO gap of Pc ’ system is smaller than that of 
Pc system, which is reflected by the smaller potential difference between the first 
reduction and the first oxidation for Pc'TiO with respect to Pc'TiOs. 
Part II describes a further development of synthetic models for the active sites 
I 2 
of oxo-transfer tungstoenzymes. Treatment of W02Cl2(dme) with the N2O2 (L -L ) 
or N2S2 (L5) tetradentate ligands in the presence of triethylamine gives the 
2 
corresponding dioxotungsten(VI) complexes. The molecular structure of W 2(L ) 
has been established by X-ray structure determination in which the tungsten atom has 
a distorted octahedral coordination with a cis-dioxo moiety. Cyclic voltammetric 
studies have shown that W 2(L) undergoes a one-electron quasi-reversible 
reduction at high scan rates which approaches an overall two-electron reduction at 
lower scan rates. This may suggest that an unstable W(V) species is involved. The 
cyclic voltammogram of W02(L ) is quite simple and exhibits an irreversible 
reduction wave assignable to the W(VI)—>(V) process. The reduction potentials of 
the above complexes are more negative than those of their molybdenum counterparts. 
These dioxotungsten(VI) complexes transfer one of their oxo groups to benzoin and 
the reduced tungsten species accept an oxygen atom from DMSO regenerating the 
W(VI) complexes. The kinetics of these catalytic cycles have been examined. 
xi 
j Part I 
j STUDIES OF OCTASUBSTITUTED 
I OXO(PHTHALOCYANINATO)TITANIUM(IV) 
I COMPLEXES 
I 1. INTRODUCTION 
There has been a great interest in the development of the chemistry and 
applications of (phthalocyaninato)titanium(IV) complexes in recent years.1'9 It is 
well-documented that the thermally robust oxo(phthalocyaninato)titanium(IV), 
PcTiO (1) possesses a high photosensitivity and acts as a charge generator material 
(CGM). It is industrially utilized as a highly photoconductive material for 
photoreceptor devices in copiers and laser printers.10"1 A number of investigations 
• • • 1 'i l c 
have been carried out on the electrophotographic properties of this compound.“ 
The use of this near-infrared absorbing dye in optical disc information recording has 
also been reported.16'18 
In spite of the wide industrial applications of (phthalocyaninato)titanium(IV) 
compounds and the well-developed chemistry of phthalocyanines, only a few 
titanium-containing phthalocyanines have been reported in the literature. In 1985, 
Goedjen et a/, prepared dichloro(phthalocyaninato)titanium(IV), PcTiCh (2) in good 
yield from 1,2-dicyanobenzene and titanium tetrachloride in 1 -chloronaphthalene. Its 
X-ray crystal structure was determined showing that the two chloro ligands bind to 
the titanium center in a cis orientation with respect to the plane of the phthalocyanine 
with the metal considerably displaced out of the plane. Compound 2 was readily 
hydrolyzed by moist organic solvent to form compound 1. The oxo and dichloro 
groups of 1 and 2 respectively, could be displaced by strongly chelating bidentate 
oxygen donor ligands such as catecholato, oxalato, and peroxo to give PcTiX (X = 
catecholato, oxalato, and peroxo) (Scheme 1).1 
2 
I 0 6 ( ¾ 
if + TiCl4 • N / \ N 
^ ^ C N 220 oC ] r \ / 
6 ^ / H 
2 
H2O/CH2CI2 \ V J 
i) catechol, 1-chloronaphthalene 
1 ii) oxalic acid, 1 -chloronaphthalene 
iii) hydrogen peroxide, CH2CI2/CH3CN 
Scheme 1 
The above method of preparing compound 1 has a major drawback. It is 
difficult to obtain analytically pure compound which is very important in the 
photoconductive applications. A substantial amount of ring-chlorinated PcTiO is 
also formed as the side-product which is difficult to be separated because of the poor 
solubility of these compounds. Pac and coworkers have developed a new method 
which involves the treatment of 1,2-dicyanobenzene with titanium(IV) butoxide and 
urea in alcohol. The reaction produces analytically pure 1 in high yield without any 
chlorine contamination (eq. 1).6 
f 
3 
Q Y ^ P 
R ^ V C N CO(NH2)2, ROH Y ^ K ^ - I ( 1 
4 + Ti(OC4H9)4 ——^• N / \ N (1) 
1 
Besides, sandwich-type bis(phthalocyaninato)titanium(IV) complex, 
Pc2Ti-CioH7Cl (3) has been successfully synthesized by treating compound 2 with 
Na2Pc in 1-chloronaphthalene (eq. 2). X-ray crystallography has revealed that the 
titanium atom situates in the center of the molecule and the two phthalocyaninato 
units ‘stapled by two inter-ring C-C a-bonds. The two macrocyclic rings adopt the 
staggered orientation to form a square-antiprism. This structural feature highly 
affects the extended 7r-electron delocalization. As a result, no Q-band absorption 
occurs in the visible region of the solution spectrum. The sandwich molecules in the 
crystal lattice are far apart from one another, which is different from the linearly 
elongated cofacial arrangement found for a and p forms of phthalocyaninato 
complexes of bivalent first-row transition metal ions, PcM. This greatly lowers the 
electrical conductivity of the sandwich complex 3 and so 3 behaves as an insulator.3 
The electrical conductivity of 3 can be highly enhanced by iodine doping to form 
columnarly stacked isomorphous material, [Pc2Ti](13)0.66 (4).4 All of the inter-ring C-
C a-bonds are broken in Structure 4. Oxidation of 3 with HNO3 gives the nitrate salt 
of the monopositively charged 3+, which upon reduction with NaBH4 regenerates 
compound 3. 
4 
[ q CI r n C / O 5 
I r ^ S + J I L - O O (2) 
i v — ^ c ^ 
j 2 3 
C E ) 
Ti I Ti 
C z D C z D 
Ti I Ti I 
[ C 5 D C z D 
I 4 
The chemistry of phthalocyanines of the next two congeners, namely 
zirconium and hafnium, has been very limited. In contrast with the oxotitanium(IV) 
species, ring-chlorinated dihydroxozirconium(IV) and dihydroxohafnium(IV) 
phthalocyanines have been isolated from the reactions of the corresponding metal 
tetrachloride and 1,2-dicyanobenzene (ratio 1 : 4).19 Zirconium(IV) butoxide has 
also been used as an alterative starting material to produce dihydroxozirconium(IV) 
complex. Electrochemical studies have revealed one oxidation couple and two 
reduction couples for the Zr and Hf compounds, and all of these redox processes are 
ring-based rather than metal-based. Silver and coworkers have prepared the 
sandwich compound bis(phthalocyaninato)zirconium(IV) by treating 
5 
diaminoisoindoline with zirconium tetrachloride (ratio 8 : 1) in quinoline. The X-ray 
o 
structural studies have shown that the two rings are staggered at an angle of 42 and 
suffered from the severe wok-like distortions. Electrochromic behavior has also been 
• • 2 1 
observed for this sandwich compound. 
It is noteworthy that there has been a large part of work focusing on 
spectroscopic, photoelectrical, and photoelectrochemical properties of the 
unsubstituted PcTiO (1) in recent years. However, due to its poor solubility in most 
common organic solvents, the spectroscopic data are limited to the solid state such as 
single crystal,8,22 powder, and thin film.8'9'23 Its solution properties have rarely been 
reported. Harazono et al. have examined solvent effects on the solution UV-Vis 
spectra of 1. The solvents used which are not very common include 1-
chloronaphthalene, quinoline, and HMPA, etc., in which the complex is only slightly 
soluble.5 To date, the synthesis of soluble substituted titanium(IV) phthalocyanines 
has still been poorly developed. 
In fact, substitution in the periphery of the phthalocyaninato ring system by 
some moieties such as n-alkyl and alkoxy has been well-established with a view to 
enhancing their solubility in organic solvents. Most of them are tetrasubstituted and 
octasubstituted phthalocyanines. The former contain only one substituent in each of 
the benzo ring and exist as a mixture of four structural isomers which are difficult to 
be separated. The latter are symmetrical compounds and contain two substituents in 
each benzo ring. The substituents can be located at either 2,3,9,10,16,17,23,24 or 
1,4,8,11,15,18,22,25 positions of the phthalocyanine ring. 
Fabrication of thin film of phthalocyanines has been well-documented for 
device applications because of their novel optical and photoelectrical properties. 
6 
Vacuum sublimation is commonly used to prepare thin film of unsubstituted PcTiO 
(1) and has been studied by several groups.23'28 However, the reproducibility of film 
depositions is low for this technique. The Langmuir-Blodgett (LB) technique is 
another method for the fabrication of highly ordered ultra-thin films.29 In contrast 
with the former method, it has a requisite that the phthalocyanines must have 
sufficient solubility in volatile organic solvents. Therefore, the substitution of 
compound 1 by long alkyl or alkoxy chains undoubtedly enhances the solubility and 
thus facilitates the fabrication of LB monolayers and multilayers on potential devices. 
Apart from the fabrication processes, the effects of substitution also impose a 
great influence on the properties of thin films on potential devices. In solution phase, 
the positions of the redox potentials of the first oxidation (HOMO) and first 
reduction (LUMO) of substituted Pes shift as a result of the influence of the 
• • • • 'XO 'X1 
substituents on the intramolecular electron density distribution. ' The HOMO-
LUMO energy gaps can be resembled by the energies of Q bands in the electronic 
spectra. For solid thin films, the shifts in the valence band (VB) and the conduction 
band (CB) levels of substituted Pes are similar. ' It is obvious that most of the 
device applications rely critically upon the redox properties of the materials. 
Tsuchida et al. have reported . that the oxidation potentials of substituted 
phthalocyaninatocobalt(II) complexes are in a linear correlation with the Hammett's 
constants of the substituents. By incorporating different substituents onto the ring 
of 1, solution phase redox measurements can be performed that may provide many 
useful information for the development of potential devices. 
Linear annulation of macrocyclic phthalocyanines has been shown to enhance 
the electrical conductivity of phthalocyanine-based macrocycles, both by theoretical 
7 
calculations40 and by experimental conductivity measurements41. This can be 
explained by the lower HOMO-LUMO gap due to an extended n conjugation effect. 
It has been found that the decrease in the HOMO-LUMO gap from Pes to Ncs results 
in a reduction of open-circuit voltage (Voc) in n/p-junction photovoltaic cells.42 More 
importantly, the solution XmaK of Ncs range from 750 to 850 nm, which are more red-
shifted by 100 nm with respect to those of Pes.43 This absorption range is 
compatible with the diode laser wavelengths.11 Due to the extremely high 
photosensitivity of compound 1, it is envisaged that its next higher homolog NcTiO 
should have similar properties. Coupled with the use of diode laser, unsubstituted 
and substituted NcTiO are good candidates for further development of diode laser 
printer applications in xerographic processes. Up till now, several reports have 
focused on the synthesis of substituted metal-free 2 3 -naphthalocyanines44 45 and 
46 
their metal complexes of group IVB metals and late-transition metals such as 
I 
I Fe,47’48 Co,49 Ni’45’50 Cu 45’50 Zn,45 etc.. None of the group IVA metal complexes of 
I 
2,3 -naphthalocyanine has been reported so far. By tuning the HOMO-LUMO gap 
from Pc to Nc, it is not surprising that the titanium(IV) naphthalocyanines could have 
different chemical, physical and photoelectrical properties from those of the 
phthalocyanine analogs. 
In this part of my thesis, the synthesis, reactivity, spectroscopic properties, 
and the electrochemisty of both octasubstituted PcTiO and NcTiO complexes are 
described. 
8 
I 2. RESULTS AND DISCUSSION 
2.1. Preparation of Substituted Dicyanobenzenes and Dicyanonaphthalene 
The synthetic route to 1,2-dicyano-4,5-diheptylbenzene51 is shown in eq. 3. 
1,2-Diheptylbenzene (5) was prepared by the nickel-catalyzed coupling reaction of 
1,2-dichlorobenzene and n-heptylmagnesium bromide. Bromination of 5 in 
dichloromethane with a catalytic amount of iron powder and iodine gave 1,2-
dibromo-4,5-diheptylbenzene (6). Compound 6 was then treated with copper(I) 
52 • ^ 
cyanide in DMF, according to the Rosenmund-von Braun reaction, to give 1,2-
dicyano-4,5 -diheptylbenzene (7). 
I RMgBr Br2,12, Fe 
I • I • L I 
NiCl2(dppp),Et20 ^ x ^ R CH2C12 B r ^ ^ R 
I 46%
 5 88% 6 
CuCN N C ^ ^ R , 
• T iT (3) 
D M F
 N C ^ ^ R 
49% 
7 
l,2-Dicyano-4,5-bis(pentyloxy)benzene was prepared through three steps 
from catechol (eq. 4). Bromination of catechol in acetic acid gave 4,5-
dibromocatechol (8). O-alkylation was performed by reacting 8 with sodium 
methoxide and 1-bromopentane in DMF to produce l,2-dibromo-4,5-
bis(pentyloxy)benzene (9). Treatment of 9 with copper(I) cyanide in DMF afforded 
1,2-dicyano-4,5-bis(pentyloxy)benzene (10). The use of dilute solution and a slightly 
9 
excess amount of copper® cyanide can minimize the formation of copper 
phthalocyanine. 
I ^ . O H
 B r 2 , 1 2 > Fe RBr,NaOMe 
I ij > I lT • I 
A c 0 H
 Br ^ ^ OH M e 0 H B r ^ ^ O R 
55% 28%
 Q 8 9 
I CuCN N O ^ ^ O R 
Cu
 > (4) 
DMF N C ^ ^ O R 
22% 
10 
j R = n - c 5 H n • 
l,2-Dicyano-4,5-bis(alkoxymethyl)benzenes were prepared as shown in eq. 
5.5154 Bromination of o-xylene with a catalytic amount of iodine gave 1,2-dibromo-
4,5-dimethylbenzene (11).55 Then side-chain bromination was carried out with the 
literature procedure with minor modification.56 Treatment of 11 with N-
bromosuccinimide in tetrachloromethane containing dibenzoyl peroxide as radical 
initiator afforded l,2-dibromo-4,5-bis(bromomethyl)benzene (12). Treatment of 12 
with sodium pentoxides in pentanol or sodium phenoxide in ethanol yielded 1,2-
dibromo-4,5 -bis(pentyloxymethyl)benzene (13) or l 2-dibromo-4 5-
bis(phenoxymethyl)benzene (14) respectively. These compounds were then 
converted into their corresponding o-dinitriles 15 and 16 by the Rosenmund-von 
Braun reaction. 
10 
I if — T i| • I 
, B R ^ ^ / ^ C ^ C C L 4 B R / ^ ^ C H 2 B R 
43% 35% _ 
J 1 1 1 2 
NaOR B r ^ ^ C H 2 O R cuCN N C ^ Y C H 2 0 R , : 
• T T • 1 (5) 
, ROH B r ^ ^ ^ C H ^ R D M F N C ^ V ^ C H 2 O R 
I 87% 13 R = C 5 H n 41% 15 R = C 5 H n 
75% 14 R = C6H5 40% 16 R - C6H5 
The preparation of 3,6-bis(butyloxy)-1,2-dicyanobenzene (17) involved the 
standard O-alkylation of 2,3-dicyano-l ,4-dihydroxylbenzene with a small excess of 
1-iodobutane and potassium carbonate in dry acetone (eq. 6).45 
\ OH OR 
B ^ x ^ C N Rl, K 2 C 0 3 
ij • 6 ) 
I^ ^ / ^ C N a ce tone ^ y ^ C N OH 42% 0 R 
17 
R = n-C4H9 
For the synthesis of (2,5,11,14,20,23,29,32-octahexyl-2,3-
naphthalocyaninato)oxotitanium(IV) [Nc’(C6Hi3)8]TiO (27), 2,3-dicyano-5,8-
dihexylnaphthalene (22) was employed as the precursor which was prepared as 
shown in eq. 7. Bromination of 1,4-dibromobenzene in tetrachloromethane with a 
catalytic amount of iron and iodine gave 1,2,4,5-tetrabromobenzene (18).57 
Treatment of this compound with n-butyllithium generated a benzyne species which 
was trapped with 2,5-dihexylfuran (19) 8 leading to the formation of 6,7-dibromo-
! | 11 
1,4-dihexyl-1,4-epoxy-1,4-dihydronaphthalene (20).47 57 Upon reductive 
deoxygenation with zinc and titanium tetrachloride in THF, 20 was converted to 2,3-
dibromo-5,8-dihexylnaphthalene (21).47 57 The dinitrile 22 was obtained by treating 
21 with copper® cyanide in DMF under the Rosenmund van Braun reaction 
i conditions.47,52 
Br R 
I \ \ / / n-BuLi I ^ 
J ^ Br,Fe ,I 2 B r ^ . ^ B r ^ ^ ^ ^ V 
H • T i] • i 0 I 
cci4 B r ^ ^ / ^ B r t o luene ^ / ^ ^ / ^ B r 
Br 63%
 l g 480/0 R ^ 
R R 
T i C U Z n CuCN r y ^ Y ^ ^ 
• I • I y') 
THF ^ ^ y ^ ^ B r D M F 
76% R 48% R 
21 22 
R n-C6H13 
2.2. Synthesis of Octasubstituted Oxo(phthalocyaninato)titanium(IV) and 
(Naphthalocyaninato)oxotitanium(IV) Complexes 
In preparing octasubstituted oxo(phthalocyaninato)titanium(IV) complexes, 
two methods were employed. The first method was reported by Goedken et al" 
Treatment of substituted dicyanobenzenes 7 and 10 with TiCU in 1-
chloronaphthalene produced the corresponding octasubstituted 
oxo(phthalocyaninato)titanium(IV) complexes 23 and 24 respectively (Scheme 2). 
Presumably, the reactions gave the dichloro compounds as the primary products 
12 
which underwent hydrolysis during chromatographic purification or precipitation 
with methanol. It is worth noting that the latter treatment on unsubstituted 
phthalocyanine led to the isolation of PcTiCl2 (2) which was found to be moderately 
I 
air-stable in the solid state but moisture-sensitive in solutions. Hydrolysis of this 
compound gave the oxo complex PcTiO (1). These results may suggest that the 
stability of unsubstituted PcTiCl2 is higher than its substituted analogs towards 
moisture. Compound 23 was highly soluble in moderate polar solvents such as 
CHCI3, and fairly soluble in non-polar solvents such as hexane and toluene but 
insoluble in polar solvents such as acetone and methanol. Thus this compound could 
be purified readily by column chromatography followed by washing with acetone to 
give a blue-green solid. Recrystallization in hot hexanes increased the purity of the 
compound. However, purification of compound 24 by column chromatography was 
not effective due to the presence of a substantial amount of impurities in the reaction 
mixture and aggregation effect (see 2.4).59 The purity of the product could only be 
improved by repeated chromatography. 
An alternative method to prepare compound 1 both in high purity and yield 
was suggested by Pac et al.e and could be extended to substituted analogs. Thus by 
reacting substituted dicyanobenzenes 10, 15 17, or substituted dicyanonaphthalene 
22 with Ti(OC2H5)4 and urea in n-pentanol, the octasubstituted PcTiO 24, 25 26 or 
octasubstituted NcTiO 27 were obtained, respectively (Scheme 2). For the synthesis 
of 24 the yield (18%) was comparable to that of the former method (20%). The 
yields for all these compounds {ca. 12-25%) were rather low when compared with 
that for the unsubstituted PcTiO (1) (41%). In particular, the compound Pc'TiO 26 
was obtained in only 12% yield. Presumably, the substituents at 1,4,8,11,15,18,22,25 
13 
positions are sterically demanding which hinder the cyclization process. Pure sample 
of 26 could not be obtained by column chromatography. It could be purified, 
however, by precipitation with methanol followed by washing with diethyl ether. 
… R 
T iT + Tici4 • / / \ > n R p 
7 R = C 7 H 1 5 560/0 R J i r X > R 
1 0 R = O C 5 H u 2 0 % i R / T x \ / 
N C ^ ^ v R C 5 H n O H R 
N c X X + T i ( ° C 2 H 5 ) 4 + C O ( N H 2 ) 2 23 R = C 7 H 1 5 
2 4 R = O C 5 H U 
10 R = O C 5 H u 18% 25 R = C H 2 O C 5 H n 
* 1 5 R = C H 2 O C 5 H u 2 5 % 
N C V - ^ C , H N O H 
I + Ti(OC2H5)4 + CO(NH2)2 ~ • N N \ 
17 R = OC 4 H 9 12% ^ ^ K ^ ^ 
2 6 R = O C 4 H 9 
N C ^ ^ ^ ^ C 5 H n O H 
T y + Ti(oc2H5)4 • < / 
N c V V + c ( 140OC 
22 R = C6H13 240/0 I Q r ) 3 
R R 
2 7 R = C 6 H 1 3 
Scheme 2 
14 
The presence of oxo group in these complexes was revealed by the medium 
band at 959-978 cm"1 in their IR spectra assignable to the Ti=0 stretch. Fig. 1 shows 
the IR spectrum of [Pc,(C7Hi5)8]TiO (23). The lH and 13C NMR spectra were in 
accord with the proposed structures which possess a four-fold symmetry. The !H 
NMR spectra of [Pc’(C7H15)8]TiO (23) and [Pc”(OC4H9)8]TiO (26) are displayed in 
Fig. 2 and Fig. 3 respectively. At 10"2 M in CDC13, the signal of aromatic protons for 
the Pc'TiO 26 appeared at 5 7.70 which was shifted upfield in comparsion to those 
for the Pc'TiOs 23-25 which occurred within 5 8.54-9.49. The multiplet due to 
OCH2 protons of 26 was downfield shifted with respect to that for 24. These 
chemical shift changes can be explained by the fact that the aromatic protons or 
OCH2 protons at 1,4-substituted positions are closer to the ring frame than those at 
2,3-substituted positions and therefore they are more susceptible by the ring-current. 
A satisfactory LH NMR spectrum could not be obtained for the Nc'TiO 27 in CDC13. 
The spectrum showed only broad signals for the hexyl side-chains. No signals for 
j 
aromatic protons were observed. This might due to the strong aggregation of Nc 
molecules which could be partial relieved by adding several drops of pyridine-ds to 
the dilute CDCI3 solution of the complex. Thus, as shown in the lU NMR spectrum 
of 27 (Fig. 4), two broad signals assignable to the aromatic protons appeared at 6 
9.42 and 7.36. The yields, IR, lll, and 13C NMR data for all these compounds are 
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Table 1 Selected data of compounds 1 23 24 25 26 and 27 
Compound Yield (%) IR (Ti=0) HNMR ,3C NMR 
v(cm'') 5(ppm) 5(ppm) 
2 3 5 ^ 9 7 0 8.88 (s, 8H) 3.19 (br s 1 6 H ) , 1 5 1 . 7 , 144.7 135.4, 
2.04 (br s, 16H), 1.75 (br s 123.7 34.2 32.1, 
16H), 1.63 (br s, 16 H), 1.50 (br 31.9 30.3, 29.5, 
s, 32 H) 1.03 (br s, 24H)b 22.8 14.2 
2 4 2 0 a 18c 9 5 9 8.54 (s, 8H) 4.52-4.75 (m 152.8, 150.0, 130.8 
* 16H), 2.25-2.38 (m, 16H), 1.83- 105.9, 69.9, 29.5, 
1.93 (m, 16H), 1.65-1.82 (m, 28.7,22.8, 14.2 
16H), 1.16 (t, 24H)b 
2 5 2 5 c 9 7 8 9.49 (s, 8H) 5.14-5.26 (m, 151.6 140.4, 136.3 
16H), 3.84 (t, 16H), 1.83-1.95 123.4 71.3 71.3 
(m, 16H), 1.42-1.65 (m, 32H), 29.7 28.6, 22.7 
1.02 (t, 24H)b 14.2 
2 6 12c 9 6 6 7.70 (s, 8H) 4.80-5.05 (m, 151.6 151.2, 127.0 
16H), 2.16-2.31 (m, 16H), 1.60- 118.4 71.7 31.5, 
1.78 (m, 16H), 1.10 (t 24H)b 19.4, 14.1 
27 24° 970 9.42 (br s 8H), 7.36 (s, 8H), 
3.29 (br s 16H), 2.00 (br s, 
16H), 1.66 (br s, 16H), 1.47 (br 
s, 32H), 0.95 (t, 24H)d 
le 41c 965 — 
a
 The compound was synthesized by using TiCl4 as the starting material. 
The H NMR measurements were conducted in ~ 2 x 10* M (CDC13). 
c
 The compound was synthesized by using Ti(OC2H5)4 and urea as the starting materials. 
d
 Several drops of pyridine-d5 was added into dilute CDC13 solution (4 x 10"3 M). 
e
 refs. 1 6. 
The UV-Vis absorption spectra of these complexes displayed a typical Q 
band and soret band, which are attributed to the n-n electronic transitions of Pc and 
Nc moieties. A weaker vibrationally coupled satellite band was also observed within 
the Q band region. The UV-Vis spectrum of 23 in CHCI3, which is a typical 
spectrum for all the complexes, is displayed in Fig. 5. The UV-Vis spectrum of the 
Pc'TiO 26 showed a bathochromatic shift of the Q band absorption (A.max 791 nm) in 
comparison with those of the Pc'TiO 23-25 (X.max 700-710 nm). The Q band 
20 
absorption for the Nc'TiO 27 was even more red-shifted (Xmax 826 nm) due to the 
narrowing of the HOMO-LUMO gap by the extended conjugation from Pc to Nc. It 
is also noteworthy that the extinction coefficients for the alkoxy-substituted 
complexes are lower than those for the alkyl-substituted complexes. The UV-Vis 
data of these oxotitanium complexes are tabulated in Table 2. 
Q-band 
( 7 T — l E ) 
A 
J : 
< Soret band J I 
/ \ Vibrationally I 1 
I / coupled satellite J I 1
 V , W 
1 ~ I I I I ~ I I I I I I I 11^ I ~ I I I I I I I I 
300 400 500 600 700 800 
Wavelength / nm 
Fig. 5 UV-Vis spectrum of [Pc’(QHi5)8]TiO (23) in CHC13 
Table 2 The UV-Vis data for compounds 1 23’ 24 25’ 26 and 27 in CHCI3 
Compound Xmax nm (log s) 
I 23 347 (4.80) 639 (4.48), 680 (4.42), 710 (5.27) 
I 24 348 (4.68), 439 (4.37), 631 (4.28), 669 (4.28), 702 (5.12) 
I 25 352 (4.90), 631 (4.55), 665 (4.60) 700 (5.28) 
^ 26 340 (4.63) 479 (3.99) 704 (4.46), 791 (5.10) 
I 27 337 (4.85), 451 (4.23), 734 (4.56), 782 (4.58), 826 (5.31) 
[ l a 351,628,667,698b 
a
 ref. 5. 
in 1 -chloronaphthalene. ^ 
21 
The high-resolution FAB or LSI mass spectra of all these oxo complexes 
were measured on a FT-ICR mass spectrometer. The FAB mass spectra of 23 and 24 
showed intense ion signals corresponding to the singly-charged species (M-H)+ while 
the LSI mass spectra of 25 and 27 showed the signals corresponding to the molecular 
ion Nf species. In contrast, the LSI mass spectrum of 26 displayed the signal 
corresponding to the protonated species (MH)+. The relative abundance of the 
isotopic cluster was in good agreement with the simulated spectra of the 
corresponding molecular species. Taking compound 27 as an example, the isotopic 
pattern of 27+ is well-agreed with the corresponding simulated pattern (Fig. 6). 
Elemental analyses were performed for all of the complexes except for 24 (Table 3). 
It can be seen that both of the H and N contents are close to the theoretical values 
while the C content are consistently lower than expected. This seems to be quite 
/'rx 
usual for this class of compounds. Although the analytical data were not fully 
1 13 
satisfactory, the purity of this compounds was ensured by both H and C NMR 
spectroscopies. The mass spectral and analytical results are summarized in Table 3. 
Table 3 The mass spectral and analytical data for compounds 23 24 25 26’ 27 
"I 
~ Analysisa (%) 
Compound M+ / MH+ / (M-H)+ C H N 
(m/zf 
23 1359.89 (1359.96)bc 76.34 (77.61) 9.39(9.47)""“7.95 (8.23) 
24 1263.83 (1263.67)b'c 
25 1376.82 (1376.81)d'e 67.17(69.75) 8.16(8.19) 7.68 (8.13) 
26 1153.59 (1153.56)d'f 65.12(66.65) 6.97 (6.99) 9.48(9.72) 
27 1449.94(1449.9 l)d'e 77.74 (79.52) 8.27(8.34) 7.31 (7.73) 
a . b e 
Calculated values given in parentheses. By FAB-MS. Mass corresponding to the most abundant 
d g 
isotopic peak of the molecular ion (M-H)+. By LSI-MS. Mass corresponding to the most abundant 
f isotopic peak of the molecular ion (M+). Mass corresponding to the most abundant isotopic peak of 
the protonated molecular ion (MH+). 
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I 23 
In attempts to synthesize [Pc (CH2OPh)8]TiO (28) the disubstituted 
phthalonitrile C6H2(CN)2(CH2OPh)2 (16) was treated with Ti(OEt)4 and urea in n-
pentanol. Dark green powder was isolated by precipitation with methanol. The UV-
Vis spectrum in CHC13 showed a typical Q band absorption of the 
metallophthalocyanines. Its green band in silica gel column could only be mobilized 
with THF as eluent. Unfortunately, the purified product was poorly characterized by 
other spectroscopic techniques. Only very broad signals corresponding to the protons 
of phenyl and methylene groups could be observed in its NMR spectrum 
measured in CDCI3 or THF-dg. The IR spectrum did not show the distinct Ti=0 
stretching at ca. 950 cm-1. No corresponding molecular ion cluster was found on the 
LSI mass spectrum and satisfactory analytical data could not be obtained. The 
difficulties encountered during purification and characterization may be due to the 
strong aggregation of this compound. 
The reactivity of these substituted titanium phthalocyanines was briefly 
examined. Heating the mixture generated in situ from 7 and TiCU in 1-
chloronaphthalene with catechol at 200 °C for 5 h led to the formation of the 
catecholato complex 29. Alternatively, treatment of the oxo complex 23 with 
catechol also produced 29 in moderate yield (eq. 8). 
c. 
24 
o r ( 8 ) 
a H
 1 X 
23 R = C7H15 29 R-C 7 H 1 5 
The M=0 bonds for the early transition metals such as Ti, V, and Nb are very 
strong. Examples showing the displacement of M=0 by catechol are rare.1'61 
Compound 29 appeared to be air-stable in the solid state but not in solutions. When a 
mixture of ethyl acetate / hexanes was used as eluent in the chromatographic 
purification, compound 29 tended to be hydrolyzed to reform the oxo complex 23. 
However, by changing the eluent to hexanes / toluene (1:9) we were able to isolate 
29 in pure form. The medium band at 970 cm"1 due to Ti=0 stretch disappeared in 
I 
the IR spectrum of 29. The lH NMR spectrum of 29 (Fig. 7) shows two broad 
I I 
signals at 5 5.40 and 4.38 assignable to the two sets of protons at the catecholato 
ligand which are shifted upfield by the phthalocyanine ring current. Replacement of 
oxo with catecholato ligand induced only a little broadening effect on the Q band in 
the UV-Vis spectrum. Reactions of 23 with monodentate ligands such as acetic acid 
or aniline under similar conditions did not yield the substituted product. A large 
amount of the starting complex 23 was recovered in both cases. 
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2.3. Solvent Effects on the UV-Vis Absorption Spectra of (2 3 9 10 16,17,23,24-
Octaheptylphthalocyaninato)oxotitanium(IV) 
The electronic absorption spectra of compound 23 in various organic solvents 
• 62 63 • o 
were measured and analyzed using the method described by Bayliss. Fig. 8 
displays a plot of the Q band (^Ai-^E) frequency vs. the function (n2-l) / (2n2+l), 
where n is the refractive index of the solvent. The positions of the Q bands in these 
solvents show an almost linear dependence on this function which suggest that the 
shifts are caused mainly by solvation and not by ligation effect. However, the 
coordinating power of the solvent did exert a substantial influence on the Q band 
absorption maximum.5 The variation of Xmax (Q band) with dipole moment of the 
solvents is shown in Fig. 9. For non-coordinating solvents such as hexane, toluene, 
chloroform, and 1 -chloronaphthalene, the X,max is red-shifted as the polarity of the 
solvent increases. This implies that the dipole moment of 23 increases during the 
electronic transition which is common for most of the 7i->7i" transitions. The 
nitrogen-containing (triethylamine, diethylamine, piperidine, quinoline, and pyridine) 
and oxygen-containing (diethyl ether, tetrahydrofuran, ethyl acetate, and 
cyclohexanone) solvents also exhibit a similar trend, but the Xmax are blue-shifted 
with respect to those in non-coordinating solvents with similar polarity. It is believed 
that there is a weak but significant interaction between the solute and the 
coordinating solvent which stabilizes the ground state of 23. The effect is stronger 
for the oxygen-containing solvents (Fig. 10). It is probably that the UV-Vis spectra 
of the other oxo complexes may have similar solvent effects. 
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Fig. 8 Plot of the Q band frequency of [Pc’(C7Hi5)8]TiO (23) in neat 
solvents vs. (n2-l)/(2n2+l), where n is the refractive index of the 
solvent : 1, hexane; 2’ toluene; 3 chloroform; 4, 1-
chloronaphthalene; 5, dichloromethane; 6 1-chloropropane; 7 
triethylamine; 8, tributylamine; 9, diethylamine; 10, piperidine; 
11 quinoline; 12, pyridine; 13 diethyl ether; 14 tetrahydrofuran; 
15 ethyl acetate; 16, cyclohexanone. The line represents a least-
ft squares regression through all the points 
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Fig. 10 Energy level diagram showing the electronic Q band 
absorption (7r~»7t*) of 23 with increasing polarity for 
different types of the solvents 
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2.4. Aggregation of Octasubstituted Oxo(phthalocyaninato)titanium(IV) and 
1 (Naphthalocyaninato)oxotitanium(IV) Complexes 
I 
•.. 
It is well-known that phthalocyanines, even in dilute solution, tend to form 
molecular aggregates such as dimers, trimers and oligomers.50'64 The coupling 
between the electronic states of two, or more, phthalocyanine units occurs. These 
aggregated states would have very different characteristics in comparison with the 
corresponding monomer. The degree of aggregation is largely affected by the 
polarity of the solvent and the concentration of the solution. Axial ligation of the 
metal and the bulkiness of peripheral substituents such as rNbutyl group can 
prevent the aggregation to a large extent. Ligation of oxo group at the metal center 





steric hindrance arised from the oxo ligand.65 The aggregation also imparts 
difficulties in both chromatographic purification and characterization of the 
compounds. The mobility of phthalocyanines is greatly reduced in silica gel 
columns, resulting in lost of material and low efficiency in separation. For the 
characterization, a blue shift of Xmax of the Q band with broadening occurs in the UV-
Vis spectra. The formation of oligomeric or polymeric aggregates also broadens the 
signals of the internal and aromatic protons of phthalocyanines in their NMR 
spectra. In this section, the aggregation of the substituted PcTiO and NcTiO will be 
discussed in the light of both the UV-Vis and !H NMR spectroscopies. 
The absorption spectra of all the oxo complexes 23-27 in chloroform over the 
concentration range of 10"6 to 10'5 M were recorded. They did not show significant 
changes with concentration. This might indicate that aggregation is not important for 
I 
these complexes in chloroform in these concentrations. By contrast, different 
I 
behavior was observed when the absorption spectra of the compounds 23 and 25 
I 
were examined in hexanes solution. The absorption spectra of 23 in hexanes were 
measured over the concentration range of 7.34 x 10"7 to 2.20 x 10"5 M. The Q band 
absorption maximum at 696 nm was unshifted but broadened as the concentration 
increased. The extinction coefficient of the Q band decreased from 2.51 x 10 to 
1.34 x 105 dm3 mol"1 cm"1 as the concentration increased from 7.34 x 10" to 2.20 x 
10"5 M. Isosbestic points occurred at 617 637 680 and 714 nm (Fig. 11). The 
absorptions in 637-680 nm region and above 714 nm increased in intensity with 
concentration, while just the opposite occurred for the 617-637 nm region. The 
former (increased absorption intensity) was due to the contribution of the aggregates. 
No significant spectral change and increase in the extinction coefficient of the Q 
30 
band was observed at concentrations less than 7.34 x 10'7 M, indicating that the 
spectrum in this concentration could be attributed to the pure monomeric 23. For the 
compound 25, the absorption spectra were recorded in hexanes over the 
concentration range of 8.13 x 10"7 to 8.13 x 10'5 M. The observation was similar 
with that for 23. The Q band absorption maximum at 690 nm was unshifted with 
concentration. The extinction coefficient of the Q band decreased from 9.09 x 104 to 
3.26 x 104 dm3 mol"1 cm"1 as the concentration increased. Further spectral change 
was not significantly observed at concentrations less than 3.25 x 10"6 M. Therefore, 
the spectrum observed in the 3.25 x 10"6 M solution was regarded as the absorption 
spectrum due to monomeric 25. By using the method described in appendix F, the 
aggregation number («) and the aggregation constant (K) can be estimated. The 
aggregation number (n) and the aggregation constant (K) for 23 were found to be 
r 
2.34 and 1.75 x 106 respectively, while those for 25 were 2.07 and 6.84 x 104, 
respectively. From the larger values of n and K for compound 23 it can be 
speculated that aggregation is stronger for 23 than 25 in hexanes solution. The 
aggregation numbers (n) for both complexes are close to 2 suggesting that dimer may 
be the dominant species in hexanes solution. The increased aggregation of 23 and 25 
in hexanes can be rationalized by the fact that hexanes, having a lower dielectric 
constant (s = 1.89) than chloroform (e = 4.81) 66 has a weaker screening effect to 
disrupt the Pc-Pc interactions. For compounds 24 and 26 this type of spectral 
measurement could not be performed because of their poor solubilities in hexanes. 
For the Nc'TiO 27, the effect of aggregation on the absorption spectrum was shown 
by the gradual addition of chloroform into dilute hexanes solution of 27. The initial 
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very broad band observed in hexanes became sharpened to form the characteristic Q 
band after enough chloroform was added. This is illustrated in Fig. 12. 
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Fig. 12 The spectral change of [Nc’(C6Hi3)8]TiO (27) in hexanes 
solution upon the addition of chloroform 
It should be noted that there is a limitation in studying the aggregation effects 
by UV-Vis spectroscopy. The concentration of the solution cannot be made so high 
I 
I that some of the complexes start to aggregate. That no aggregation was shown for all 
I 
of the oxo complexes in chloroform as revealed by UV-Vis spectroscopy does not 
I 
mean that they will not form aggregates in more concentrated solutions. For this, the 
effects of concentration on the lH NMR chemical shifts of the substituted PcTiOs 
were studied over the concentration range of 1 x 10" to 2 x 10" M in CDCI3. Fig. 13 
shows that the chemical shifts of aromatic protons for 23 24 25 change by 0.3-0.4 
ppm downfield as the concentration approaches 1 x 10' M. This can be explained 
by the fact that the cone of aromaticity of one Pc ring causes upfield shifts of its 
aggregated partners when the aggregation is significant in high concentrated solution. 
But it seems that there is no such dependency of the concentration for the Pc TiO 
complex 26. This may be attributed to the fact that the ring protons are far from the 
33 
core of the phthalocyanine in this compound or a weaker aggregation occurs for this 
substitution pattern. For the Nc'TiO 27, the absence of the signal of aromatic 
protons in its lH NMR spectrum in CDC13 clearly indicates that a stronger 
aggregation takes place for Nc than Pc in chloroform. The signals appeared when an 
excess of pyridine-ds was added to the CDCI3 solution. 
I 10 
I i 9 
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Fig. 13 The plot of chemical shift of ring protons vs. log 
concentration for the substituted PcTiOs in CDCI3 
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2.5. Electrochemical Studies of Octasubstituted Oxo(phthalocyaninato)-
titanium(IV) and (Naphthalocyaninato)oxotitanium(IV) Complexes 
The electrochemistry of the oxotitanium(IV) complexes 23-27 was studied by 
cyclic voltammetry in dichloromethane. The cyclic voltammograms for 23’ 24 and 
26 revealed two reduction couples and two oxidation couples. The reduction couples 
34 
for these compounds were reversible one-electron systems with anodic to cathodic 
peak separations (AEP = Epa - Epc) of 62 - 100 mV at a scan rate of 100 mV s'1. The 
peak potentials and the peak separations were nearly invariant with scan rates of 50 -
200 mV s"1. The reversibilty was further confirmed by the approach to unity of the 
1 /2 • 
peak current ratio /pc//pa and the linear plot of /p versus v (v is scan rate). On the 
oxidation side, the two redox couples for these compounds were less well-defined as 
the peaks were broad. These couples were considered to be quasi-reversible one-
electron transfer processes. The peak height ratios /pc//pa of these two couples were 
found to be less than 0.8 at scan rates of 50 - 400 mV s"1. For compound 25, similar 
voltammograms were recorded but one more reduction couple appeared with a 
1 
greatly reduced anodic peak relative to the cathodic peak at all the scan rates. All the 
j 
redox couples are attributed to the Pc based reductions and oxidations. It is unlikely 
that reduction of the metal occurs as TiIV=0 moiety is very stable and redox inactive. 
A representative cyclic voltammogram for 23 is shown in Fig. 14 and a summary of 
the half-wave potentials for these compounds is given in Table 4. 
I j 
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Fig. 14 Cyclic voltammogram of [Pc (C7Hi5)8]TiO (23) in CH2C12 
containing 0.1 mol dm"3 [Bu4N][PF6]. Scan rate 50 mV s"1. 
Table 4 Electrochemical potentials of the complexes v«y. the saturated 
_ calomel electrode (SCE) in CH2CI2 
— E1/2 v .^ SCEa 
Compound oxd.2 oxd.l red.l red.2 red.3 
I [Pc’(C7H15)8]TiO (23) L47 0 8 6 ~ ^ 0 7 1 A M 
I [Pc’(OC5Hu)8]TiO (24) 1.37 0.80 -0.77 -1.11 
; [PcXCHzOCsHiOslTiO (25) 1.48 0.96 -0.58 -0.93 -1.39 
“ [Pc’ (OC4H9)8]TiO (26) 0.96 0.59 -0.70 -1.06 
[Nc’(C6H13)8]TiO (27) 0.65 -0.97 
a
 Recorded with [Bii4N][PF6] as electrolyte in CH2C12 (0.1 mol dm"3) at ambient 
temperature. Scan rate = 50 mV s"1. 
The potential difference between the first reduction couple and the first 
oxidation couple for the 2,3-substituted PcTiO complexes 23 24, 25 is 1.54 - 1.57 V 
I which is in the range (1.5-1.7 V) reported for the HOMO-LUMO separation of most 
of the phthalocyanines.67 The potential difference between these two couples for the 
36 
Pc'TiO 26 is however smaller (1.30 V) which is consistent with the smaller HOMO-
iLUMO gap suggested by the bathochromic shift of the Q band relative to the Pc system. The first oxidation potential is lowered but the first reduction potential does not have significant change. This implies that the narrowing of the HOMO-LUMO gap in the Pc" system is mainly achieved by an increase of the HOMO energy level. 
Some significant trends are also observed in comparing the half-wave potentials of 
the Pc’ system. Firstly, a decrease of the oxidation potentials occurs as the electron-
donating ability of the substituent increases. Thus, in accordance with the electron-
donating effect of the substituents (OC5Hn > C7H15 > CH2OC5Hn) the oxidation 
potential is in the order 25 > 23 > 24. Similar trend is also observed for the reduction 
I 
potentials. Both of the first oxidation potential and the first reduction potential are in 
a good linear correlation with the Hammett's constant of the corresponding 
substituents. These plots are given in Figs. 15 and 16. The cyclic voltammograms of 
the Nc'TiO 27 were also studied at the same range of scan rates. Two reversible one-
electron reduction couples, as judged by the peak separations (AEP) and the peak 
height ratios /pc/zpa, were located at -0.65 V and -0.97 V. These two potentials were 
higher than those of the Pc'TiO 23 that accounts for the relative ease of reduction of 
the Nc ring with respect to the Pc ring. But on the oxidation side, the appearance of 
poorly-defined waves imparted difficulty in locating the oxidation potentials. The 
Hammett's constants ct of C 7 H i 5 and O C 5 H U were assumed to be equal to those of C 4 H 9 and OC4H9 
for para-substituted aromatic system. Hammett's constant ct of CH2OC5Hn was estimated from the 
Taft's constant ct* of CH2OCH3 by the expression ct = 0.217a* - 0.106. (ref. 66) 
37 
difference between the first reduction potential and the first oxidation potential was 
therefore not determined. 
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Fig. 15 The plot of the first oxidation potential vs. the 
Hammett's constant of substituent for Pc'TiO 
system : a = OC5Hn; b = C7H15; c = CHzOCsHn. 
The line represents a least-squares regression 
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Fig. 16 The plot of the first reduction potential vs. the 
Hammett's constant of substituent for Pc'TiO 
system : a = OC5H"; b = C7Hl5 c = CH2OC5Hu. 
The line represents a least-squares regression 
through all the points 
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2.6. Reactions of Disubstituted Dicyanobenzenes with Zirconium(IV) Butoxide 
and Urea 
IThe method suggested by Pac et al.6 was employed in attempt to synthesize the octasubstituted phthalocyaninatozirconium(IV) complexes. By reacting the 4,5-disubstituted dicyanobenzene 7 or 15 with Zr(OBu)4 and urea in 1-butanol dark 
• green solids 30 and 31 were isolated respectively after column chromatographic 
I . 
purification. As the reactions produced a considerable amount of H2Pc' in both 
cases, CHC13 was used as eluent to remove the H2Pc' and then the dark green 
products were obtained by further eluting the column with 1 : 1 ethyl acetate / 
{ 
hexanes. It is worth noting that no ftPc was detected during the synthesis of 
B Pc'TiO with this method. The UV-Vis spectra of both compounds in CHCI3 
L displayed a very broad Q band along with a more intense soret band, which were in 
contrast with the sharp Q band observed for their titanium counterparts. The UV-Vis 
spectrum of compound 30 in CHCI3 is shown in Fig. 17 for illustration. The H 
NMR spectra of 30 and 31 in CDCI3 showed very broad ring proton signals within 8 
7.0-8.5 region and broad signals for the protons of the corresponding alkyl chains. 
I • • 
The above observations suggested that very strong aggregation occurred for both 
ZrPc’ complexes. Their IR spectra did not show strong absorptions of Zr=0 
stretching, which usually occurred between 825-1100 cm"1.68 Two broad bands 
occurred at 3329 and 3342 cm'1 for 30 and 31 respectively suggesting the presence of 
OH moiety for these two compounds. As unsubstituted PcZr(OH)2 is a well-known 
stable compound,6'19 these two compounds are tentatively assigned to be Pc'Zr(OH)2. 
However, the LSI mass spectrum of ZrPc (C7Hi5)8 complex revealed an intense 
cluster of peaks corresponding to the species {[Pc'(C7Hi5)]ZrO}+. This may be due 
39 
to the elimination of water molecule occurred in the ionization process. Further 
investigations were not performed for these two compounds. Similar treatment of 
P the 3,6-disubstituted dicyanobenzene 17 did not yield any phthalocyanine product, as 
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Fig. 17 The UV-Vis spectrum of the ZrPc’(C7Hi5)8 compound 30 
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2.7. Conclusion 
II 
A series of octasubstituted PcTiOs with different substituents and substitution 
I • ^ 
patterns, and octasubstituted NcTiO were prepared and characterized 
spectroscopically. 1,4-Substitution in the Pc'TiO complex causes a decrease of the 
HOMO-LUMO gap as indicated by a bathochromic shift of Q band in the UV-Vis 
spectrum and a decrease in potential difference between the first oxidation and the 
first reduction in the cyclic voltammograms. The Q band absorption of Nc'TiO in 
40 
I the UV-Vis spectrum is red-shifted to a even larger extent due to the extended 
conjugation. The UV-Vis and JH NMR spectroscopic studies of these compounds at 
different concentrations clearly demonstrate that the aggregation of these compounds 
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3. EXPERIMENTAL SECTION 
3.1. Materials 
All reactions were carried out using standard Schlenk-line techniques under 
an atmosphere of nitrogen. Diethyl ether, THF, toluene, furan and n-pentanol were 
distilled from sodium. Dichloromethane was distilled from calcium hydride. DMF 
was distilled from barium oxide. 1-Chloronaphthalene was distilled under reduced 
pressure. Hexanes used in column chromatography was distilled from anhydrous 
calcium chloride. A^-Bromosuccinimide was recrystallized from water and catechol 
was recrystallized from toluene. Chromatographies were performed on silica gel 
(Merck 9344) column. All other reagents and solvents were of reagent grade and 
used as received. 
3.2. Physical Measurements 
m 
^^H • 
The lH and C NMR spectra were recorded on a Bruker WM 250 
spectrometer (lH, 250; i3C, 62.9 MHz). Spectra were referenced internally using the 
residual protio solvent (lH) and solvent (13C) resonances relative to tetramethylsilane 
(5 = 0). The UV-Vis absorption spectra were obtained on a Hitachi U-3300 
spectrophotometer. IR spectra were recorded on a Perkin Elmer 1600 series FT-IR 
spectrometer and Nicolet Magna 550 spectrometer as KBr pellets. Fast atom 
bombardment (FAB) and liquid secondary-ion (LSI) mass spectra were measured on 
a Bruker APEX 47e ultra-high resolution Fourier transform ion cyclotron resonance 
(FT-ICR) mass spectrometer with 3-nitrobenzyl alcohol as matrix. Elemental 
analyses were performed by the Shanghai Institute of Organic Chemistry. 
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Electrochemical measurements were carried out with a BAS CV-50W 
potentiostat using a conventional three-electrode cell equipped with a glassy carbon 
disc working electrode (3 mm diam.) a Pt wire counter electrode and a quasi, 
reference Ag electrode. Typically, experiments were carried out at room temperature 
under a dry N2 atmosphere in dichloromethane containing 0.1 mol dm" [Bu4N][PF6j. 
A 2 
The concentrations of complexes were in the 10' mol dm" range. The electrolyte 
[BU4N][PF6] was recrystallized from THF and dried in vacuo before use. The system 
was deoxygenated by purging with N2 for approximately 10 min. Following this, N2 
was allowed to flow over the solution to prevent O2 from re-entering the cell during 
the measurement. The voltammograms were recorded at scan rates of 50, 100 200 
and 400 mV s"1. All potentials were referenced to the ferrocenium-ferrocene couple 
at +0.45 V relative to the saturated calomel electrode (SCE). The reversibilty was 
R 
judged by the separation between the anodic and cathodic potentials and the effect of 
the scan rates on the voltammograms. 
3.3. Preparation of 1,2-Dicyano-4,5-diheptylbenzene 
As the key precursor for [Pc (C7H15)8]TiO (23) l,2-dicyano-4,5-
diheptylbenzene (7) was prepared according to the literature method.51 
1 ^ - D i h e p t y l b e n z e n e (5). The Grignard reagent prepared from Mg turning 
(7.29 g, 0.3 mol) and n-heptyl bromide (47 ml, 0.3 mol) in diethyl ether (150 ml) was 
added dropwise to a mixture of o-dichlorobenzene (16.8 g, 0.11 mol) and [1,3-
bis(diphenylphosphino)propane]nickel(II) chloride (170 mg) in diethyl ether (95 ml) 
cooled in an ice-bath. The mixture was warmed to room temperature and refluxed 
for 12 h. It was then cooled and hydrolysed with 2M HC1. The organic layer was 
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I separated and the aqueous layer was extracted with diethyl ether. The combined 
ether layers were washed with water, aqueous NaHCO and again with water and 
dried with CaCl2. After removal of solvent, the residue was dissolved in hexanes and 
passed through a short bed of silica gel. The solvent was removed under reduced 
pressure. The colorless liquid collected was further distilled (b.p.120 °C / 0.05 mbar) 
to give a colorless liquid. Yield: 15.8 g (46%). lH NMR (CDC13) 5 7.12 (s, 4H, 
Ar/0, 2.59 ( t ,y= 7.9 Hz, 4H, AiCH2), 1.29-1.63 (m, 20H, C//2), 0.90 (t J 6.7 Hz, 
6H, CH3). 
l,2-Dibromo-4,5-diheptylbenzene (6). Bromine (5.8 ml, 110 mmol) was 
added dropwise to an ice-cooled mixture of 1,2-diheptylbenzene (5) (14.2 g, 51.6 
mmol) in dichloromethane (16 ml) containing a catalytic amount of iron powder 
(0.08 g) and iodine (0.08 g). The mixture was stirred at 0 °C for 44 h and then at 
room temperature for a further 6 h. The mixture was added to 5% NaOH / 5% 
j . 
NaHSCb solution. The organic layer was separated and the aqueous layer was 
extracted with diethyl ether. The combined ether layers were washed with water and 
I 
dried with anhydrous Na2S 4. After removal of volatiles, hexane was added to this 
solution and filtered over silica gel. The solvent was evaporated to dryness to give a 
pale yellow oil which was dried in vacuo. Yield: 19.7 g (88%). NMR (CDC13) 5 
7.36 (s, 2H, AIH), 2.50 (t, J = 7.8 Hz, 4H AiCH2), 1.29-1.55 (m, 20H, CH2), 0.89 (t, 
J : 6.6 Hz, 6H, CH3). 
1,2-Dicyano-4,5-diheptylbenzene (7). A mixture of 1,2-dibromo-4,5-
diheptylbenzene (6) (10.2 g, 23.6 mmol) and CuCN (6.34 g, 70.8 mmol) was 
refluxed in DMF (80 ml) for 3 h under nitrogen atmosphere. After cooling, the 
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mixture was poured into 35% NH4OH and strong stream of air was bubbled through 
the solution for 12 h. The reaction mixture was filtered and the solid residue was 
extracted with diethyl ether (4 x 60 ml). The combined ether layers were washed 
with water and dried with CaCl2. The solvent was evaporated under reduced 
pressure and the resulting liquid was purified by column chromatography with 
I toluene / hexane (3 : 2) as eluent. Yield: 3.76 g (49%). !H NMR (CDC13) 5 7.55 (s, 
2H, ArH), 2.67 (t, J= 7.8 Hz, 4H, ArC//2), 1.30-1.59 (m, 20H, CH2), 0.89 (t J = 6.7 
Hz, 6H, CH3). 
1 
3.4. Preparation of l,2-Dicyano-4 5-bis(pentyloxy)benzene 
I 
As the key precursor for [Pc (OC:5Hii)8]TiO (24), l,2-dicyano-4,5-
l 
51 53 
bis(pentyloxy)benzene (10) was prepared according to the literature procedures. 
4,5-Dibromocatechol (8). Bromine (20.5 ml, 0.4 mol) in glacial acetic acid 
(100 ml) was added dropwise to an ice-cooled clear solution of catechol (22.0 g, 0.2 
mol) in glacial acetic acid (100 ml). The light brown mixture was warmed to room 
temperature and stirred overnight. Hydrogen bromide produced and the solvent were 
removed under reduced pressure at low temperature. The pale brown residue was 
added slowly to a mixture of ice and water (700 g) with vigorous stirring. The 
suspension was allowed to stand for 3 h. The white precipitate was filtered off and 
recrystallized from benzene as a white solid. Yield: 29.4 g (55%). lH NMR 
(CDCb) 8 7.13 (s, 2H, AIH), 5.76 (s 2H, OH). 
l,2-Dibromo-4,5-bis(pentyloxy)benzene (9). Sodium methoxide (7.02 g, 
0.13 mol) was dissolved in dry DMF (25 ml). The solution was cooled to room 
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temperature. 4,5-Dibromocatechol (8) (17.3 g, 65 mmol) was then added to this 
solution and the reaction mixture was stirred for 1 h under nitrogen. 1-
Bromopentane (19.64 g, 0.13 mol) in dry DMF (25 ml) was added dropwise with 
stirring to the solution. The reaction mixture was heated at 110 °C for 3 h. The 
I brown mixture was cooled, then poured into water (400 ml). The solution was 
extracted with diethyl ether (3 x 100 ml). After drying the extracts with anhydrous 
Na2S04, the solvent was rotary-evaporated to give a brown oil which was 
chromatographed with CHCI3 / hexanes (1 : 4) as eluent to afford a colourless liquid. 
Yield: 7.39 g (28%). l¥L NMR (CDC13) 5 7.06 (s, 2H, ArH), 3.94 6.6 Hz, 4H, 
OC//2), 1.81 (m, 4H, CH2), 1.41 (m, 8H, CH2), 0.93 (t, J 7.0 Hz, 6H CH3). 
I 
p l,2-Dicyano-4,5-bis(pentyloxy)benzene (10). A mixture of 1,2-dibromo-
4,5-bis(pentyloxy)benzene (9) (7.39 g, 18.1 mmol) and CuCN (4.86 g 54.3 mmol) 
was tefluxed in dry DMF (45 ml) for 7 h under nitrogen. The reaction mixture was 
cooled, poured into 37% NH4OH (400 ml) into which a strong stream of air was 
bubbled for 6 h. The solution was filtered, washed thoroughly with water until 
neutral and dried in air. The product was extracted with methanol for 12 h using a 
. 
soxhlet apparatus and the solvent was rotary-evaporated. The product was purified 
• I 
by column chromatography with hexanes / CHCI3 (2 : 3) as eluent to yield a white 
solid. Yield: 1.20 g (22%). lH NMR (CDC13) 8 7.11 (s, 2H, AiH), 4.05 (t, J = 6.5 
Hz, 4H, OCH2), 1.86 (m, 4H, CH2), 1.42 (m, 8H, CH2), 0.94 (t, J = 7.1 Hz, 6H, 
‘ CH3). 
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5.5. Preparation of l,2-Dicyano-4,5-bis(alkoxymethyl)benzene 
As the key precursor for [Pc (CH2OR)8]TiO l,2-dicyano-4,5-
bis(pentyloxymethyl)benzene (15) and l,2-dicyano-4,5-bis(phenoxymethyl)benzene 
(16) were prepared as described in the literature.51,54-56 
l,2-Dibromo-4,5-dimethylbenzene (11). To a solution containing iodine 
(0.20 g) and o-xylene (46 ml, 3.75 mol), bromine (40 ml, 0.781 mol) was added 
dropwise over 2 h at 0 °C. The reaction mixture was left at room temperature 
overnight. The resulting cake was dissolved in ether (150 ml) and washed with 2M 
B NaOH (2 x 75 ml) and water (2 x 75 ml). The solvent was removed under reduced 
pressure. The solid was recrystallized from MeOH (500 ml) to give white needle-
I shaped crystals. Yield: 42.7 g (43%). lU NMR (CDC13) 5 7.37 (s, 2H, AiH), 2.19 
I — 
(s, 6H CH3). 
1 
l,2-Dibromo-4,5-bis(bromomethyl)benzene (12). 1 2-Dibromo-4’5-
• 
dimethylbenzene (11) (25.0 g, 0.095 mol), iV-bromosuccinimide (33.8 g, 0.19 mol) 
I 
and dibenzoyl peroxide (0.5 g) were heated under reflux in CCI4 (200 ml) until no 
more white solid was produced. The reaction mixture was cooled and filtered. The 
filtrate was rotary-evaporated to give a pale yellow oil which was recrystallized from 
petroleum ether / CH2CI2 mixture to afford a white solid. Yield: 13.9 g (35%). 1H 
NMR (CDCI3) 6 7.62 (s, 2H, AiH), 4.54 (s, 4H, CH2). 
l,2-Dibromo-4,5-bis(pentyloxymethyl)benzene (13). Sodium (0.33 g 
0.014 mol) was refluxed in n-pentanol (12 ml) until all sodium vanished. To the 
cooled solution, l,2-dibromo-4,5-bis(bromomethyl)benzene (12) (2.40 g, 5.69 mmol) 
was added and the mixture was refluxed for 5 h. The n-peritanol was removed in 
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vacuo and 5% aqueous NaOH (10 ml) was added. The resulting mixture was 
extracted with ether (25 ml), the organic layer was washed with water until neutral, 
and then dried with CaCl2. The solvent was rotary-evaporated to afford a pale yellow 
oil as product. Yield: 2.17 g (87%). {H NMR (CDC13) 6 7.64 (s 2H, AVH), 4.45 (s, 
I 4 H AvCH2), 3 .46 (t, J : 6 .6 Hz , 4H, 0 0 ¾ 1.59 (m, 4H, CH2\ 1.33 (m, 8H, CH2), 
I 0 .91 (t J = 7 . 0 H Z , 6 H C / / 3 ) . 
l,2-Dicyano-4,5-bis(pentyloxymethyl)benzene (15). A mixture of 1,2-
dibromo-4,5-bis(pentyloxymethyl)benzene (13) (1.17 g, 2.68 mmol), copper cyanide 
(0.72 g, 8.04 mmol) was refluxed in DMF (10 ml) for 5 h, then cooled, and poured 
into 35% NH4OH (30 ml). The mixture was stirred for 10 min, filtered and the 
greenish residue was washed with water and dried. The product was extracted with 
« ether for 18 h using a soxhlet apparatus while the filtrate was extracted with ether (2 
x 50 ml), dried with anhydrous MgS04. The combined organic layer was rotary-
evaporated to dryness and chromatographed with ethyl acetate / hexane (1 : 5) as 
j eluent to give a pale green oil. Yield: 0.36 g (41%). lH NMR (CDC13): 5 7.90 (s, 
: 2H , AVH), 4 .52 (s, 4H, AXCHI), 3 .53 (t, J = 6.5 Hz , 4H, OCH2\ 1.65 (m 4 H CH2), 
L 1.35 (m, 8H, CH2), 0.92 (t, J = 7.0 Hz, 6H, CH3). 
l,2-Dibromo-4,5-bis(phenoxymethyl)benzene (14). Phenol (5.31 g, 0.056 
mol) and sodium (1.16 g, 0.050 mol) were refluxed in ethanol (40 ml) until all 
sodium disappeared. To the cooled solution, 1,2-dibromo-4,5-bis(bromomethyl)-
benzene (12) (8.5 g, 0.020 mol) was added and the mixture was refluxed for 4 h. 
Excess alcohol was removed under reduced pressure and 5% aqueous NaOH (20 ml) 
was added. The resulting mixture was extracted with ether (3 x 30 ml), the organic 
layer was washed with water until neutral, and then dried with CaCb. The solvent 
I . 48 
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was rotary-evaporated to afford a white solid. Yield: 6.78 g (75%). lH NMR 
I (CDC13): 5 7.79 (s 2H AtH), 7.25-7.34 (m, 4H, OC6H5), 6.90-7.02 (m, 6H, OC6H5), 
5.10 (s, 4H, ArC//2). 
l,2-Dicyano-4,5-bis(phenoxymethyl)benzene (16). A mixture of 1,2-
dibromo-4,5-bis(phenoxymethyl)benzene (14) (0.839 g, 1.87 mmol), copper cyanide 
(0.503 g, 5.62 mmol) was refluxed in DMF (8 ml) for 5 h, then cooled, and poured 
into 35% N H 4 O H (20 ml). The mixture was stirred for 10 min, filtered and the 
bluish residue was washed thoroughly with water and dried. The product was 
extracted with ether for 20 h using a soxhlet apparatus and the solvent was rotary-
I evaporated. The resulting white solid was chromatographed with hexanes / 
chloroform (1 : 5) as eluent to afford a white crystalline solid. Yield: 0.25 g (40%). 
- NMR (CDCI3): 5 8.05 (s, 2H, AiH), 7.29-7.38 (m, 4H, OC^s) , 6.94-7.08 (m 6H, 
OCeH5), 5.20 (s, 4H ArCH2). 
I 
• I • • 
3.6. Preparation of 3f6-Bis(butyloxy)-l,2-dicyanobenzene 
I I 
\ 
3,6-Bis(butyloxy)-1,2-dicyanobenzene (17) was prepared according to the 
previous literature method.45 
3,6-Bis(butyloxy)-l,2-dicyanobenzene (17). 2 3-Dicyano-l 4-
dihydroxylbenzene (1.50 g, 9.37 mmol), 1-iodobutane (8.62 g, 0.047 mol) and 
potassium carbonate (5.86 g, 0.042 mol) in acetone (140 ml) were heated under 
reflux for 3 days. The solution was filtered while hot and the yellow residue was 
washed with warm acetone (2 x 75 ml). The combined filtrate was concentrated 
under reduced pressure and the resulting residue was recrystallized from acetone to 
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^ yield white needle-shaped crystals. Yield: 1.06 g (42%). lH NMR (CDC13) 5 7.15 
I (s, 2H, ArH), 4.05 (t 4H, J = 6.4 Hz, OCH2\ 1.74-1.87 (m, 4H, CH2), 1.43-1.57 (m, 
I 4H, CH2), 0.97 (t, 6H, J ^ 7.4 Hz, C//3). 
3.7. Preparation of2,3-Dicyano-5,8-dihexylnaphthalene 
As the key precursor for [Nc (C6Hi3)8]TiO (27) 2,3-dicyano-5 8-
47 57 58 
dihexylnaphthalene (22) was prepared by the literature method. ’ ' 
1,2,4,5-Tetrabromobenzene (18). 1,4-Dibromobenzene (20 g, 85 mmol), Fe 
powder (0.22 g, 3.9 mmol) and iodine (0.48 g, 3.8 mmol) were dissolved in CC14 (60 
ml). Bromine (20 ml, 0.39 mmol) in CC14 was then added dropwise into the reaction 
mixture. The mixture was heated at 40 °C overnight and refluxed for 3 d. The 
reaction mixture was cooled and poured into 5% Na2S205 / 5% NaOH (1000 ml). 
The organic layer was separated and the aqueous layer was extracted with diethyl 
ether (3 x 100 ml). The combined organic layers were washed with water (3 x 100 
- ml), dried with MgS04. The solvent was rotary-evaporated and the product was 
recrystallized from toluene to afford white needle-shaped crystals. Yield: 19.8 g 
(63%). m.p.: 181-182 °C. (lit.57 180-182 °C). lH NMR (CDC13) S 7.86 (s, 2H, 
AT//). 
6,7-Dibromo-l,4-dihexyl-l,4-epoxy-l,4-dihydronaphthalene (20). 1,2,4,5-
Tetrabromobenzene (18) (6.0 g, 15 mmol) and 2,5-dihexylfuran (19) (3.8 g 16 
mmol) were stirred in dry toluene (250 ml) at room temperature to which n-BuLi (15 
ml, 24 mmol) in dry toluene (100 ml)^as added dropwise under nitrogen over 3 h. 
The reaction mixture was stirred for another 16 h. Methanol (1 ml) was added and 
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i \ the solution was filtered, evaporated. The crude product was chromatographed with 
CHCI3 / hexanes (1 : 5) as eluent to give a pale yellow oil which was crystallized 
I from hexanes to yield a white powder. Yield: 3.38 g (48%). lH NMR (CDC13) 5 
I 7.30 (s, 2H, AiH), 6.73 (s, 2H, ArH), 2.12-2.20 (m, 4H CH2), 1.33-1.57 (m, 16H, 
I CH2), 0.89 ( t , y= 6.8 Hz, 6H, CH3). NMR (CDC13) 5 154.0 145.5, 124.2, 
120.3 91.7, 31.7, 29.7 29.2 24.6, 22.6 14.1. EI-MS: m/z 470. 
2,3-Dibromo-5,8-dihexylnaphthalene (21). To an ice-cold suspension of 
zinc dust (4.7 g, 71 mmol) in dry THF (120 ml) under nitrogen was carefully added 
TiCl4 (5.2 ml, 47 mmol), and the mixture was heated to reflux for 10 min, then 
cooled to 0 C and a solution of 6,7-dibromo-1,4-dihexyl-1,4-epoxy-1,4-
dihydronaphthalene (20) (3.4 g, 7.1 mmol) in dry THF (50 ml) was added dropwise. 
The mixture was stirred overnight, and poured into cold 10% HC1 (250 ml). The 
mixture was extracted with CH2C12 (3 x 100 ml), the combined organic layers were 
washed with water (3 x 50 ml), dried with CaCb and rotary-evaporated. The residue 
was chromatographed over silica gel using hexanes as eluent to give a white solid. 
Yield: 2.50 g (76%). lK NMR (CDC13) 5 8.30 (s, 2H, AiH), 7.25 (s, 2H, AiH), 2.94 
‘ (t, J = 7.7 Hz, 4H, AXCH2\ 1.32-1.68 (m, 16H, CH2), 0.89 (t, J = 6.7 Hz, 6H, C//3). 
1 L3C{LU} NMR (CDCI3) 6 136.3 132,3, 129.4 126.8, 121.5, 32.7, 31.7’ 30.6 29.4, 
f 22.6, 14.1. EI-MS: m/z 454 (M+). m.p.: 48-49 °C. Anal. Calcd. for C22H30Br2: C 
58.17; H, 6.66. Found: C, 58.41; H, 6.84. 
2 3-Dicyano-5 8-dihexylnaphthalene (22). 2 3-Dibromo-5 8-
dihexylnaphthalene (21) (1.1 g, 2.4 mmol) and CuCN (0.65 g, 7.3 mmol) were 
dissolved in freshly distilled DMF (10 ml) and the reaction mixture was refluxed for 
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I 10 h. 35% NH4OH (40 ml) was added and air was bubbled through the suspension 
overnight. The precipitate was filtered off, washed with CHC13 (3 x 20 ml) while the 
filtrate was extracted with CHC13 (3 x 50 ml). The organic layers were combined 
and rotary-evaporated. The crude product was purified by column chromatography 
with CHCI3 / hexanes (1 : 2) as eluent, and then recrystallized from hexanes to afford 
I pale yellow needle-shaped crystals. Yield: 0.40 g (48%). lH NMR (CDC13) 5 8.52 
(s, 2H, AVH), 7.52 (s 2H, ARH), 3.03 (T,J= 7.8 Hz, 4H, ArCft) , 1.24-1.69 (m, 16H, 
CH2), 0.89 (t / = 6.9 Hz, 6H, CH3). NMR (CDC13) 6 139.2, 133.5, 133.2, 
I 131.3, 117.1 109.8 32.3, 31.7, 30.4, 30.0, 23.3, 14.7. EI-MS: M/Z 347 (M+). m.p.: 
I 85-87 °C. Anal. Calcd. for C24H30N2: C, 83.19; H, 8.73; N, 8.08. Found: C, 83.83; 
H, 8.96; N, 8.29. 




I,2-Dicyano-4,5-diheptylbenzene (7) (0.44 g, 1.36 mmol) was dissolved in 1-
chloronaphthalene (2 ml) to which TiCl4 (0.05 ml, 0.46 mmol) was introduced via a 
syringe. The reaction mixture was heated with stirring at 180 °C for 14 h then silica 
gel (ca. 2 g) was added and the solvent was removed in vacuo. The powder was 
loaded onto a silica gel column and eluted with hexanes. After removing the residual 
1 -chloronaphthalene as monitored by thin layer chromatography, the column was 
further eluted with ethyl acetate / hexanes (1 : 10) to develop a greenish-blue band 
which was collected and rotary-evaporated. The oily residue was washed with 
acetone (3 x 30 ml) and filtered to give a blue-green solid which was dried in vacuo. 
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I Yield: 0.26 g (56%). {H NMR (CDC13, 2.6 x 10"2 M): 6 8.88 (s, 8H, Pc //), 3.19 (br 
I s, 16H, Pc'C//2), 2.04 (br s, 16 H, C//2), 1.75 (br s, 16 H, CH2), 1.63 (br s, 16H, 
I CH2\ 1.50 (br s, 32H, CH2), 1.03 (br s, 24H, CH3). B C| l H} MMR (CDC13) 5 
I 151.7 144.7 135.4 123.7, 34.2 32.1, 31.9 30.3 29.5, 22.8, 14.2. UV-Vis (CHC13) 
II [
 max nm (log 8)]: 347 (4.80) 639 (4.48) 680 (4.42), 710 (5.27). IR (KBr, cm"1): 
11 2956 (m) 2923 (s), 2852 (m), 1490 (w)’ 1458 (m) 1404 (w), 1332 (m), 1078 (s) 970 
(m), 877 (w), 749 (m) 728 (w). FAB-MS: a cluster peaking at m/z 1359.89 [Calcd. 
J for (M-H)+ 1359.96]. Anal. Calcd. for C88H128N8OTi: C, 77.61; H, 9.47; N, 8.23. 
Found: C 76.34; H, 9.39; N, 7.95. 
Catecholato(2,3,9,10,16,17,23,24-octaheptylphthalocyaninato)titanium 
(IV) (29). (a) 1,2-Dicyano-4,5-diheptylbenzene (7) (0.44 g, 1.36 mmol) was 
dissolved in 1-chloronaphthalene (2 ml) then TiCl4 (0.05 ml, 0.46 mmol) was added 
via a micropipet. The reaction mixture was heated at 180 °C for 14 h with stirring to 
give a dark green solution. The mixture was then cooled and catechol (0.08 g, 0.73 
mmol) was added while maintaining a nitrogen atmosphere. The mixture was heated 
at 200 °C for a further 5 h. The resulting blue-green solution was mixed with silica 
gel (ca. 2 g) then evaporated in vacuo. The powder was loaded onto a silica gel 
column and eluted with a mixture of hexanes / toluene (1 : 9). The blue-green band 
was collected and rotary-evaporated to give a dark green residue which was washed 
with methanol (10 ml). The precipitate formed was filtered off and dried in vacuo. 
Yield: 0.20 g (41%). 
(b) (2,3,9,10,16,17,23,24-Octaheptylphthalocyaninato)oxotitanium(IV) (23) 
(0.10 g, 0.07 mmol) was treated with catechol (8 mg, 0.07 mmol) in 1-
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chloronaphthalene (1 ml) at 200 C for 5 h. The color of the mixture changed from 
dark green to blue-green. By employing the work-up and purification procedure 
described above, the dark green precipitate was obtained. Yield: 73 mg (68%). H 
11 NMR (CDC13): 8 8.82 (s, 8H, Pc'/f), 5.37 (br s, 2H C6HA), 4.35 (br s, 2H, C ^ ) , 
I 3.08 (br s 16H, Pc'C//2), 1.92 (br s, 16H, CH2), 1.64 (br s, 16H, CH2), 1.43 (br s 
II 48H, CH2), 0.98 (br s, 24H, CH3). NMR (CDC13) 5 157.5, 152.4, 144.7 
I 134.8 123.5, 119.1 108.4 34.2, 32.0, 31.9 30.2, 29.4, 22.8, 14.1. UV-Vis (CHC13) 
[Xmax nm (log 8)]: 349 (4.76), 642 (4.49), 712 (5.17). IR (KBr, cm"1): 2954 (s), 2923 
I (s), 2851 (s), 1508 (w), 1458 (m), 1333 (m), 1259 (m), 1075 (s), 873 (w), 819 (w), 
737 (w) 644 (w)’ 539 (w). LSI-MS: a cluster peaking at m/z 1454.14 [Calcd. for M4" 
I 1454.00]. 
0xof2,3,9,10,16,17,23,24-octakis(pentyloxy)phthalocyaninato]titanium 
(IV) (24). (a) l,2-Dicyano-4,5-bis(pentyloxy)benzene (10) (0.60 g, 2.00 mmol) was 
dissolved in 1-chloronaphthalene (2 ml) then TiCl4 (0.08 ml, 0.75 mmol) was 
introduced via a micropipet. The reddish brown reaction mixture was heated with 
stirring at 180 C for 16 h. The resulting black mixture was then evaporated under 
reduced pressure and the residue was chromatographed with hexanes as eluted to 
remove the residual 1 -chloronaphthahne. The column was then eluted with 
chloroform to develop a green band which was collected and rotary-evaporated. The 
crude product was recrystallized from a mixture of chloroform and hexane to give 
green microcrystals which were collected and dried in vacuo. Yield: 0.13 g (20%). 
(b) A mixture of l,2-dicyano-4,5-bis(pentyloxy)benzene (10) (0.12 g, 0.40 
mmol), urea (13 mg, 0.21 mmol) was dissolved in n-pentanol (0.5 ml) to which 
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titanium(IV) ethoxide (0.03 ml, 0.14 mmol) was introduced via a micropipet. The 
reaction mixture was heated with stirring at 140 °C for 24 h. The volatiles of the 
resulting dark green mixture were removed in vacuo and the residue was 
chromatographed with ether / CHC13 (1 3) as eluent. The green band was collected 
then the solvents were removed under reduced pressure to give a green solid which 
was further purified by the same chromatographic procedure. Yield: 23 mg (18%). 
lH NMR (CDCb, 2.0 x 10-2 M): 5 8.54 (s, 8H Pc’//), 4.52-4.75 (m, 16H, OC//2), 
2.25-2.38 (m, 16H, CH2), 1.83-1.93 (m, 16H, CH2), 1.65-1.82 (m, 16H, CH2), U 6 
I (t, J = 7.2 Hz, 24H CH3). NMR (CDC13) 5 152.8, 150.0 130.8 105.9 
I 69.9 29.5, 28.7, 22.8, 14.2. UV-Vis (CHC13)[ max nm (log s)]: 348 (4.68), 439 
^ (4.37), 631 (4.28), 669 (4.28). 702 (5.12). IR (KBr, cm.1): 2956 (s), 2926 (s) 2856 
(s), 1720 (m), 1602 (m), 1501 (s) 1462 (s), 1385 (s), 1353 (m) 1276 (s), 1203 (s), 
I 
1088 (s), 1038 (s), 959 (m), 881 (m), 801 (m), 743 (m), 564 (w). FAB-MS: a cluster 
I 
peaking at m/z 1263.83 [Calcd. for (M-H)+ 1263.67]. 
0xo[2,3,9,10,16,17,23,24-octakis(pentyloxymethyl)phthalocyaninato] 
titanium(IV) (25). A mixture of l,2-dicyano-4,5-bis(pentyloxymethyl)benzene (15) 
(0.20 g, 0.61 mmol) and urea (19 mg, 0.31 mmol) was dissolved in n-pentanol (0.5 
ml) to which titanium(IV) ethoxide (0.04 ml, 0.18 mmol) was introduced via a 
micropipet. The reaction mixture was refluxed for 20 h. Methanol (15 ml) was 
added into the reaction mixture, then it was refluxed for 15 min. The reaction 
mixture was filtered and the resulting solid was washed with methanol (10 ml), water 
(10 ml) and methanol (5 ml). The dark blue solid was chromatographed with ethyl 
acetate / hexanes (1 : 1) as eluent to develop a greenish-blue band which was 
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collected and rotary-evaporated. The greenish-blue solid was dried in vacuo. Yield: 
I 53 mg (25%). lH NMR (CDC13, 1.6 x 10"2 M): 5 9.49 (s, 8H, Pc'/f), 5.14-5.26 (m, 
I 16H, Pc'C/ftX 3.84 (t, «/= 6.7 Hz, 16H, OCH2\ 1.83-1.95 (m, 16H, CH2), 1.42-1.65 
j j (m, 32H, CH2), 1.02 (t, J = 7.0 Hz, 24H, CH3). NMR (CDC13) 5 151.6, 
140.4, 136.3 123.4, 71.3 (two overlapping signals), 29.7, 28.6, 22.7, 14.2. UV-Vis 
j (CHCb) [ imax nm (log s)]: 352 (4.90) 631 (4.55) 665 (4.60) 700 (5.28). IR (KBr, 
j cm-1): 2959 (s) 2925 (s), 2851 (s), 1716 (m), 1610 (w), 1461 (m), 1360 (s), 1327 (s), 
1260 (w), 1233 (w), 1172 (m), 1078 (s), 1011 (m), 978 (m), 897 (w) 803 (w), 749 
(m). LSI-MS: a cluster peaking at m/z 1376.82 [Calcd. for M+ 1376.81]. Anal. 
Calcd. for C80H112N8O9Ti: C, 69.75; H, 8.19; N, 8.13. Found: C, 67.17; H, 8.16; N, 
7.68. 
Attempted synthesis of oxo[2,3,9,10,16,17,23,24-octakis(phenoxymethyl)-
i 
phthalocyaninato]titanium(IV) (28). A mixture of l 2-dicyano-4 5-
bis(phenoxymethyl)benzene (16) (0.130 g, 0.382 mmol) and urea (12 mg, 0.19 
mmol) was dissolved in n-pentanol (0.5 ml) to which titanium(IV) ethoxide (0.05 ml, 
0.23 mmol) was introduced via a micropipet. The reaction mixture was refluxed for 
16 h. Methanol (15 ml) was added into the reaction mixture, which was then 
refluxed for 1 h. The reaction mixture was filtered to give a dark green solid which 
was washed with methanol (10 ml), water (10 ml), and methanol (5 ml). The dark 
green solid was collected and dried in vacuo. Yield: 96 mg (71%). UV-Vis (CHCI3) 
j ‘ [X.max nm]: 351, 632, 667 700. IR (KBr, cm-1): 3060 (w) 3033 (w), 2925 (w), 2858 
11 (w), 1716 (s), 1598 (s), 1496 (s), 1451 (m), 1374 (s), 1327 (s), 1300 (s), 1238 (s), 
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1173 (s), 1079 (s), 1030 (s), 1011 (s), 971 (m), 897 (m), 843 (m) 803 (w), 751 (s), 
690 (s). 
[l,4,8,ll,15,18,22,25-Octakis(butyloxy)phthalocyaninato]oxotitanium(IV) 
(26). A mixture of 3,6-bis(butyloxy)-1,2-dicyanobenzene (17) (0.20 g, 0.73 mmol) 
and urea (22 mg, 0.37 mmol) was dissolved in n-pentanol (1 ml) to which 
titanium(IV) ethoxide (0.05 ml, 0.23 mmol) was added via a micropipet. The 
reaction mixture was refluxed for 48 h. Methanol (20 ml) was added into the 
reaction mixture, which was then refluxed for 30 min. The reaction mixture was 
cooled down, filtered and the solid was washed with ether ( 3x10 ml). The fine dark 
brown microcrystals were collected and dried in vacuo. Yield: 26 mg (12 %). 1H 
I j. NMR (CDC13, 2.2 x 10_2 M): 5 7.70 (s, 8H, Pc”H), 4.80-5.05 (m, 16H, OCft), 2.16-
L 2.31 (m, CH2), 1.60-1.78 (m, G 1.10 (t, J = 7.4 Hz, 24H, CH3). 
II L3C{LH} NMR (CDCI3) 5 151.6, 151.2, 127.0, 118.4 71.7 31.5 19.4, 14.1. UV-Vis 
1
 (CHCb) | J W nm (log 8)]: 340 (4.63), 479 (3.99), 704 (4.46), 791 (5.10). IR (KBr, 
cm-1): 2958 (s), 2930 (m), 2871 (s), 1598 (s), 1502 (s) 1466 (m), 1376 (m) 1304 (s), 
I 1270 (s), 1207 (s), 1062 (s), 966 (m), 897 (w), 816 (w), 749 (m). LSI-MS: a cluster 
peaking at m/z 1153.59 [Calcd. for (M+H)+ 1153.56]. Anal. Calcd. for 
I C64H80N8O9Ti: C, 66.65; H, 6.99; N 9.72. Found: C, 65.12; H, 6.97; N, 9.48. 
3.9. Preparation of Octasubstituted (Naphthalocyaninato)oxotitanium(IV) 
Complex 
[2,5,ll,14,20,23,29,32-Octahexyl-2,3-naphthalocyaninato]oxotitanium(IV) 
(27). A mixture of 2,3-dicyano-5,8-dihexylnaphthalene (22) (0.200 g, 0.577 mmol) 
and urea (18 mg, 0.30 mmol) was dissolved in n-pentanol (0.5 ml) to which 
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I titanium(IV) ethoxide (0.04 ml, 0.18 mmol) was introduced via a micropipet. The 
reaction mixture was refluxed for 20 h, then methanol (20 ml) was added. The 
resulting mixture was refluxed for 30 min. The solution was cooled to room 
temperature, decanted, and the resulting black solid was dissolved in hexanes (20 
ml). Methanol (10 ml) was added to give precipitate which was chromatographed 
with CHC13 as eluent. The dark green band was collected and rotary-evaporated to 
give a dark green solid which was dried in vacuo. Yield: 50 mg (24 %). XH NMR 
I (CDCI3 + ca. 0 . 6 M ds-pyridine, 4 Iff3 M): 6 9 . 4 2 (br s 8H, N c ’ / / ) 7.36 (s, 8H, 
I Nc'/f), 3.29 (br s Nc 'Cf t ) , 2.00 (br s, CH2), 1.66 (br s, 16H, CH2), 1.47 
I (br s, 32H, CH2), 0.95 (t, J - 6 . 9 Hz, 24H, CH3). UV-Vis (CHC13)[ max nm (log s)]: 
I 3 3 7 (4.85), 4 5 1 ( 4 . 2 3 ) , 7 3 4 ( 4 . 5 6 ) 7 8 2 ( 4 . 5 8 ) , 826 (5.31). IR (KBr, cm]): 2 9 5 5 (s), 
2927 (s), 2855 (s), 1459 (s), 1376 (s), 1340 (m), 1324 (s), 1260 (w) 1146 (w), 1086 
• I 
(s), 1067 (s) 970 (s), 866 (m), 830 (w), 745 (m), 723 (m). LSI-MS: a cluster peaking 
I at m/z 1449.94 [Calcd. for M+ 1449.91]. Anal. Calcd. for C96H120N8OTi: C, 79.52; 
H, 8.34; N, 7.73. Found: C, 77.74; H, 8.27; N, 7.31. 
3.10. Miscellaneous Syntheses 
Oxo(phthalocyaninato)titaiiium(IV) (1). A mixture of 1,2-dicyanobenzene 
(0.50 g, 3.9 mmol) and urea (0.117 g, 1.95 mmol) was dissolved in 11-pentanol (1 ml) 
to which titanium(IV) ethoxide (0.33 ml, 1.1 mmol) was introduced via a micropipet. 
The reaction mixture was refluxed for 6 h. Methanol (5 ml) was added to the 
reaction mixture, which was then refluxed for 30 min. The reaction mixture was 
filtered to give a dark blue solid which was washed with toluene, methanol and 
water. The dark blue solid was collected and dried in vacuo. Yield: 0.23g (41%). 
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UV-Vis (1-chloronaphthalene) [Xmax nm]: 351 628, 667 698. IR (KBr, cm]): 1068 
I' (m), 1488 (s) 1413 (m) 1332 (s), 1286 (s), 1160 (m), 1119 (s), 1069 (s) 965 (s), 892 
j (s), 111 (s), 751 (s), 728 (s). 
Attempted synthesis of (2 ,10,16,17,23,24-
octaheptylphthalocyaninato)-dihydroxozirconium(IV) (30). A mixture of 1,2-
dicyano-4,5-diheptylbenzene (0.20 g 0.62 mmol) (7) and urea (37 mg, 0.62 mmol) 
was dissolved in n-butanol (0.2 ml) to which zirconium(IV) butoxide (0.30 ml, 0.66 
mmol) was introduced via a micropipet. The reaction mixture was refluxed for 24 h. 
The volatiles of the resulting dark green mixture were removed in vacuo. The 
residue was chromatographed with CHC13 as eluent to remove H2Pc' and then eluted 
with ethyl acetate / hexanes (1 : 1) to collect a dark green band which was rotary-
evaporated. The dark green solid was collected and dried in vacuo. Yield: 40 mg. 
I UV-Vis (CHCb)[ nm]: 331 630 706 (br). IR (KBr, cm]): 3329 (br), 2940 (s), 
I 2926 (s), 2855 (s), 1620 (m), 1561 (s), 1544 (s), 1525 (s) 1510 (s), 1460 (s), 1333 
(m), 1097 (m), 1022 (w), 900 (w), 794 (w), 722 (w), 472 (w). 
Attempted synthesis of dihydroxo[(2 3 9 10 16 17 23 24-
octakis(pentyloxymethylphthalocyaninato)]zirconium(IV) (31). A mixture of 
l,2-dicyano-4,5-bis(pentyloxymethyl)benzene (15) (0.20 g, 0.61 mmol) and urea (37 
mg, 0.61 mmol) was dissolved in n-butanol (0.5 ml) to which zirconium(IV) 
butoxide (0.10 ml, 0.22 mmol) was introduced via a micropipet. The mixture was 
refluxed for 16 h, then methanol (5 ml) was added. The resulting mixture was 
refluxed for 30 min. The reaction mixture was cooled to room temperature, and 
filtered and the solid was washed with methanol (10 ml). The residue was 
chromatographed with CHCI3 as eluent to remove H2Pc' and then eluted with ethyl 
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acetate / hexanes (1 : 1) to develop a dark green band which was rotary-evaporated. 
The dark green solid was collected and dried in vacuo. Yield: 15 mg. UV-Vis 
I (CHC13) [Xmax nm]: 320 618 680 (br). IR (KBr, cm'1): 3342 (br), 2957 (s), 2930 (s), 
11 2858 (s), 1721 (m), 1643 (w), 1549 (m), 1519 (m), 1466 (s) 1359 (m), 1260 (w), 
1099 (s), 904 (w), 820 (w), 736 (w). 
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I DIOXOTUNGSTEN(VI) COMPLEXES 
WITH 
I N2O2 AND N2S2 TETRADENTATE LIGANDS 
I 
I . … : : : ; : : : : . " : : : : . : : . 
1. INTRODUCTION 
It is well-known that molybdenum is an essential element for all forms of life. 
This element occurs at the active sites of a number of enzymes which mediate the 
metabolism of carbon, nitrogen, and sulfur.69 The essential role of molybdenum in a 
variety of fundamental biological processes has been studied for over 60 years. On 
the contrary, it was long held that its congener, tungsten, is unlikely to have a 
biological function and the coordination chemistry of tungsten is less developed in 
comparing with that of molybdenum. However, several tungstoenzymes primarily 
from hyperthermophilic archaea, have recently been isolated and spectroscopically 
characterized. Interestingly, these enzymes are thermally robust and can survive at 
I % 
or near 100°C without denaturation. These biomolecules belong to a class of 
oxotransferase which catalyzes the transfer of an oxo group to or from substrate (X) 
I 
_ in a two-electron redox reaction (eq. 9). 
I X + H 2 0 ^ = = ^ XO + 2H+ + 2 e ' (9) 
ft The first highly purified form of C. thermoaceticum formate dehydrogenase 
was reported by Yamamoto et al. in 1983. It catalyses the reversible oxidation of 
• 71 
formate to carbon dioxide (eq. 10). 
H C 0 2 " ^ = ^ C 0 2 + H + + 2e" (10) 
EXAFS studies of dithionite reduced enzyme have revealed that the tungsten 
center is bound to two or more oxygen or nitrogen donor ligands (average W-O/N, 
2.13 A) and two or more sulfur donor ligands (average W-S, 2.39 A). Inclusion of a 
W-Se interaction at 2.6 A improves the EXAFS fit with the reduction of the number 
\ 62 
of sulfur atoms required.72 In contrast with molybdenum formate dehydrogenase 
from C. pasteurianum, no terminal W=0 bond has been found. Fluorescence studies 
of the denatured enzyme have suggested the presence of a pterin-containing cofactor 
that is analogous to the well-known molybdenum cofactor (Mo-co).73 A proposed 
structure of the organic component of Mo-co, molybdopterin, is shown in Structure 
32. 
I O ‘ SH 
H N \ N Y V S H 
L
 H O H 
32 
The other well-characterized tungstoenzyme is aldehyde ferredoxin 
oxidoreductase (AOR), which is purified from the hyperthermophilic archaeon 
Pyrococcusfuriosus. This enzyme catalyzes the oxidation of aldehydes to carboxylic 
acids at an optimal temperature above 90°C (eq. 11).7 
I R C H O + H 2 0 ^ R C 0 2 H + 2H+ + 2e" (11) 
I 
The enzyme is extremely oxygen sensitive. An inactive form, called "red tungsten 
protein" (RTP) has been identified as a monomeric protein of approximate molecular 
weight 85 kDa. EXAFS studies have shown that the active site comprises a high-
valent tungsten center (W71) with two terminal oxo groups (W=0, 1.74 A), three 
sulfur donor ligands (W-S, 2.41 A) and a single oxygen or nitrogen donor ligand (W-
O/N, 2.16 A).75 Fluorescence spectroscopic studies have revealed the presence of a 
pterin cofactor in this enzyme. Probably, two of the thiolate ligands are originated 
| | 63 
from the dithiolene side chain of a molybdopterin. The proposed structure for the 
tungsten site is shown in Structure 33. The active form of enzyme which can 
1 catalyze the oxidation of aldehydes to their corresponding carboxylic acids may be 
isolated by rapid purification under anaerobic conditions with buffer containing 
J dithiothreitol and glycerol.76 It has been speculated that the enzyme contains a 
susceptible W-SH moiety which is absent in the RTP. 
I O 





The crystal structure of aldehyde ferredoxin oxidoreductase from Pyrococcus 
HI: 
furiosus has been reported by Rees et alP The active site contains two 
molybdopterins, which are coordinated to the tungsten atom via the two dithiolene 
side chains. The tungsten and the two pairs of dithiolene sulfurs constitute a 
distorted square pyramid. No protein ligands have been revealed. From the analysis 
I 
of the electron density around the tungsten, two additional coordination sites may be 
occupied by glycerol or oxo ligands (or both) to form a distorted trigonal prismatic 
arrangement at the tungsten center. Presumably, the glycerol represents a substrate 
I
 F analog, which comes from the protein storage buffer. A proposed structure is shown 
I 64 
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 7 X 
j H O ^ \ 
pterin 
O P 0 3 2 " X = O or glycerol 
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Synthetic model approach can provide insights into complex biomolecules 
through the design, synthesis, and study of small molecules that mimic a component, 
typically an active site or prosthetic group, of the biomolecules. This approach is 
particularly valid when the metal active sites have not been established by methods 
_ such as X-ray crystallography. By studying the chemical and spectroscopic 
• properties of synthetic analogs, we can have a better understanding on the structure, 
properties, and coordination environment of the complex biomolecules. Over the 
past three decades, much of the effort has been devoted on the modeling of the active 
I
 t 
sites of molybdoenzymes. Many model complexes have well-targeted the structure, 
spectroscopy, and reactivity of the enzymes. However, models for the 
I tungstoenzymes are rare and only a few of them have been reported so far. 
Yu and Holm have initiated the studies of the oxo-transfer chemistry of 
78 VI 
tungsten Schiff base and dithiocarbamate complexes. Treatment of W 2(acac)2 
VI 
(35) with H2(sap) or H2(ssp) in methanol produces the complexes W 02L(Me0H) 
(L = sap or ssp) (36). These complexes, upon treatment with (Me3Si)2S undergo 
O/S substitution yielding WVIS2L(MeOH) (37) (eq. 12). Compound 36 is inert 
towards reductive oxo-transfer with a number of basic phosphines R3P [R = Ph, Et, 
Me, OMe and 2 4 6-C6H2(OMe)3] at ambient or elevated temperatures. It is II ‘ 65 
noteworthy that the molybdenum analogs MoVI02(sap)(solv) and Mov 02(ssp)(solv) 
can transfer an oxo group to basic phosphines Ph2RP (R = Me, Et) forming the 
corresponding MoIV0 species (eq. 13).79 The unstable MoIV0 product is 
immediately coupled with MoVI02 species giving the oxo Mov dimer (eq. 14). 
I ^ ^ o h h s / O ^ 
O O ( 1 2 ) 
I 3 5 36 X = 0 
— 37 X = S 
^ MoVI02Ln + X M o ^ O ^ + XO (13) 
p MoVI02Ln + Mc^OLn = Mov 203L2 n (14) 
The A ,^A^-disubstituted dithiocarbamate complex 38 has also been prepared which 
reacts with P(OMe)3 to give 39. It has been suggested that the reaction involves the 
intermediate 40, which couples with 38 to form the //-oxo dimer 39 (eq. 15). 
II 66 
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The tungsten chemistry of hydrotris(3,5-dimethylpyrazolyl)borate ligand 
I 
[HB(Me2pz)3"] has been explored by Young et a/..80 [HB(Me2pz)3]WVI02C1} 
I (41) has been prepared by treating W02C12 with K{HB(Me2pz)3} in DMF. 
Reactions of 41 with Grignard reagents RMgX (R = Me, Et, CH2Ph, Ph; X = CI or 
Br) afford the organometallic compounds cis-
{[HB(Me2pz)3]Wvl02R} (42). 
Treatment of 41 with boron sulfide produces [HB(Me2pz)3]WVIOSCl (43) and 
[HB(Me2pz)3]WVIS2Cl (44) in low yields (eq. 16). 
II
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I f r 
f ^ (16) 
j | ^ ^ 
/ , X = ClorBr 
^ C W " 4 2 R Me Et CH2Ph,Ph 
I \ V w 
4 1 
/ 
I 4 3 X = 0 
4 4 X = S 
I • • I ^ H I • 
Reactions of compounds 41 and 44 with NCS', PhO", PhS' and PhSe' also 
a 
give [HB(Me2pz)3]WVI02X and [HB(Me2pz)3]WVIS2X (X = NCS, OPh, SPh, SePh), 
1 
respectively.81 The dioxo complexes undergo a one-electron reduction in the range 
Epc = -1.08 V (X = NCS, irreversible) to EI/2 = -1.55 V (X = OPh, reversible) v .^ 
SCE in CH3CN. These reduction potentials are typically more negative than those of 
the analogous Mo complexes by 47Q-740 mV. Oxothio complex 43 exhibits a 
reversible, one-electron reduction at EI/2 = -0.84 V which is 400 mV more positive 
than the dioxo complex 41. For the dithio complex 44, only a slightly more positive 
irreversible reduction potential occurs at -0.82 V. The other dithio complexes 
[HB(Me2pz)3]WS2X (X = OPh, SPh, SePh) exhibit a reversible reduction at potential 
E1/2 = -0.99 to -0.86 V which are in the range of those established for related 
II 68 
[ M O 0 2 ] 2 + complexes. This strongly suggests that terminal thio ligation at tungsten 
center both facilitates the reduction and increases the reversibility. The oxothio- and 
bis(thio)-W(VI) complexes are reducible at biological accessible potentials, whereas 
most of the dioxo species are not. 
Treatment of [HB(Me2pz)3]WS2(SePh) with substituted acetylene produces 
the dithiolene complexes 45 (eq. 17).81 These complexes may serve as models for 
the active site of formate dehydrogenase. 
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I 
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Models containing benzenedithiolate ligands for the aldehyde oxidoreductase 
have been prepared by Nakamura et al}1 Reaction of [WvO(SPh)4]' (46) with 
benzenedithiol gives [ W V O ( S 2 C 6 H 4 ) 2 ] " (47). Upon reduction with PPh4BH4, the 
reduced W(IV) complex [WIV0(S2C6H4)2]2- (48) is formed. Compound 48 can be 
oxidized with trimethylamine A -^oxide to give the stable c/5-[WVI02(S2C6H4)2]2" (49), 
which reacts with benzoin to regenerate 48 (eq. 18). 
I 69 
I o n - ^ Y S H o
 S / 
I W s h . 1 ( 1 8 ) 
P h S ^ S P h ^ S
 7 \ " S I 1 
I PHS SPh S T ^ ) 
46 47 n = l 49 
48 n 2 
I Compound 48 gives a negative redox potential of W(IV)/W(V) at -0.63 V V5. 
. 
I SCE in DMF as revealed by cyclic voltammetry. The corresponding value for the 
molybdenum analog is -0.35 V. For the dioxo complex 49’ a reduction peak appears 
at -1.34 V v,s. SCE, which is more negative than that of the corresponding 
i| (NEt4)2[MoVI02(&C6H4)2] (-0.97 V). This reflects that the generation of W(IV) 
species from dioxotungsten(VI) complexes is more difficult than the molybdenum 
counterparts. 
II Nakamura et al. have also introduced the bulky triphenylsilyl group at 3-
position of 1,2-benzenedithiolate model ligand.83 By employing a similar method for 
I the preparation of 47, the corresponding (NEt4)[WvO(Ph3Si-!S2C6H3)2] has been 
produced. Both the electronic and steric effects of the bulky substituents on this 
compound have been studied. 
The other dioxotungsten(VI) models with dithiolene ligand have been 
reported very recently by Sarkar et a/..84 Treatment of sodium tungstate with 
Na2[S2C2(CN)2] in aqueous solution containing NaHSC>3 and acetic acid affords 
{Wvi02[S2C2(CN)2]2}2" (50). Compound 50 reacts with various reducing agents 
such as H2S, PhSH, 1,4-dithiothreitol, or dithionite to yield {WIV0[S2C2(CN)2]2}2-
(51) (eq. 19). Oxidative addition of elemental sulfur on 51 produces 
II 70 
{W V I O(S2)[S 2 C 2 (CN)2]2} 2 ' (52). Compound 52 undergoes sulfur atom transfer 
reaction with Ph3P to give Ph3PS and reform 51 (eq. 20). Compound 51 also 
catalyzes the reactions of Ph3P and H2 with elemental sulftir, forming Ph3PS and H2S 
respectively. This well-demonstrates the sulfur reductase activity of the model 
complex 51. 
if o n 2 -
N C \ _ /CN Na2WQ4>2H2Q N C ^ ^ W ^ 
/ ” \ NaHS03 N C S i ^ 
W S S"Na+ CH3COOH CN 
NC 
2- 50 
o n 2 
x ‘ 4 (19) 
^ /S "S 
NC-< n ( \ V C N 
y s ^ ^ X = H2S 
NC NC PhSH 
^ 1 1,4-dithiothreitoI 
dithionite 
n 2 " ^ s ~ i 2 -
ff elemental sulfur^ (20) 
a " s $ 1 
NC-< / \ V C N / \ f ^ N 
T Ph3PS Ph3P NC 
NC NC 
H 51 5 2 
It is worth noting that only a few tungsten model complexes without the 
'dithiolene-like' ligand that can undergo oxygen atom transfer reactions with 
substrates have been reported. The first example has been reported by Cervilla et 
j I 71 
al.}5 Reaction of thiobenzilic acid [Ph2C(SH)C02H] with Na2W04.2H20 in a 
mixture of methanol and water containing NH4CI affords 
[NH4]2{Wvl02[02CC(S)Pli2]2} (53). Compound 53 can transfer an oxo group to 
benzoin, forming benzil and the corresponding monooxotungsten(IV) complex. The 
I reduced tungsten(IV) species reacts rapidly with nitrate ions to regenerate the dioxo 
I compound 53. Benzoin is oxidized by ammonium nitrate in the presence of a 
catalytic amount of 53. A plausible catalytic cycle is shown in Scheme 3. 
I SP 
5 3 I H? ff 
I NO2V {WV I02[02CC(S)Ph2]2}2-^^ P h - C - C - P h 
2 e ^ 2 H - Y 2e" + 2H+T o 
N 0 3 W { W I V 0 [ 0 2 C C ( S ) P h 2 ] 2 } 2 - ^ Ph-C - P h 




Although there have been extensive studies on the dithiolene model 
complexes mimicking the molybdopterin-containing tungstoenzymes, the 
dioxotungsten(VI) complexes containing other bi- tri- and tetra-dentate ligand 
systems are still extremely rare. Their oxo-transfer and electrochemical properties 
II 72 
I remain unexplored. It is worth noting that the tungstoenzymes appear to be closely 
related to the molybdoenzymes, though these two metals have quite different 
reactivity and electrochemistry. A wide variety of bi- tri- and tetra-dentate ligands 
designed for the molybdoenzyme modeling have not been attempted for the tungsten 
analogs. It can be envisaged that the studies of high-valent tungsten complexes 
containing these ligand systems will provide many important spectroscopic and 
structural information for the studies of tungstoenzymes. 
It has been well-established that the catalytic cycles of molybdoenzymes 
generally involve the transfer of an oxygen atom from Mo(VI) species to the 
substrate. The regeneration of the active site is accomplished by two coupled 
I 86 • 
electron-proton transfer processes via a transient Mo(V) species (Scheme 4). It is 
anticipated that the related processes are also relevant to the tungstoenzymes. Hence, 
II by synthesizing the complexes [WVI02Ln] and [WIVOLn], their oxo-transfer 
properties can be examined with various reductants (e.g. PR3, benzoin) and oxidants 
(e g S- or A^-oxides). The model complexes can also be studied by electrochemical 
I 11. 
methods to generate reactive tungsten species which may have enzymatic relevance. 
I X : x o 
I [MOVI02]2+ ^ 0 ^ 0 ( 0 ¾ ) ] ^ 
I [MOvO(OH)]2+ 
Scheme 4 
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In this work, a series of N202, N2S2, 02S2 and S4 tetradentate ligands have 
been prepared which have been used to complex with tungsten center giving the 
corresponding dioxotungsten(VI) complexes. All these complexes have been 
characterized by various spectroscopic techniques (1¾ 13C NMR, IR, and LSI-MS) 
and elemental analyses. The molecular structure of one of these complexes has been 
determined. The redox properties along with the oxygen atom transfer reactions of 
these complexes have also been examined and are described below. 
74 
I 2. RESULTS AND DISCUSSION 
2.1. Preparation of Tetradentate Ligands 
The following tetradentate ligands were prepared according to the literature 
procedures. 
J ^ o h h o ^ A r ^ Y Y H 
I 54 H 2 ( lAN 2 0 2 ) R - H 56 H2(L3-N202) Y = 0 
I 55 H2(L2-N202) R^BU1 57d H2(L4-N2S2) Y = S 
S H H S
 C L N N J U 
H 3 d N CH3 
1 58 H2(L5-N2S2) 59 H2(L6-N202) 
I r Y H H Y v 
1 . ^ 
i 60 H2(L7-02S2) Y = 0 
I . 61 H2(L8-S4) Y = S 
A^A^,-bis(2-hydroxybenzyl)-l,2-diaminoethane (54) [H2(LI-N202)] was 
synthesized in two steps (eq. 21).87 Condensation of 1,2-diaminoethane with two 
equiv. of salicylaldehyde in ethanol afforded the corresponding Schiff base which 
upon reduction with NaBH4 in the same solution converted into compound 54 (eq. 
21). The 3,5-di-rerr-butyl substituted analog 55 was prepared in the same manner. 
75 
aOH H O - v ^ n 
, V - C H O — … … 
NaBH 4^ “ O H H O ^ N ( 2 1 ) 
• • • 
5 4 
B 1,2-Bis(2-hydroxyanilino)ethane (56) [H2(L3-N202)] was simply prepared by 
refluxing o-aminophenol and 1,2-dibromoethane in 1 : 1 molar ratio in water (eq. 
22).88 
I 
I r r o H + n r O H H O t ) ( 
56 
I I I I • 
The synthetic route used to prepare 1,2-bis(2-mercaptoanilino)ethane (57d) 
89 
[H2(L4-N2S2)] was based on the method developed by Corbin et al (eq. 23). The 
condensation reaction between o-aminothiophenol and glyoxal gave 2,2'-
bibenzothiazolinyl (57a) instead of the corresponding Schiff base. By reacting 57a 
with zinc acetate dihydrate in a solution of methanol and dioxane, the corresponding 
Schiff base zinc(II) complex 57b was produced. Upon sodium borohydride 
reduction, compound 57b was converted to the complex 57c. Removal of zinc(II) 
ions in a strong alkaline condition followed by acidification of the resulting filtrate 
yielded the final product 57d. 
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^ ^ S H O O ^ z i n c a c e t a t e d i h y d r a t V 
( U J L n h 2 + HC-CH k A N ^ s r ^ M e 0 H d i o x a n e 
: I 57a 
NaBH4 ^ ^ ; NaOH/DMF 
_ / / H \ _ / H 
j 57b 5 7 c 
P n S H H S ) D ( 2 3 ) 
ft H ^ ^ ^ 
I 57d 
fl 
The synthetic route to A^AT-dimethyl-A^AT-bis(2-
mercaptoethyl)ethylenediamine (58) [H2(L5-N2S2)] is shown in eq. 24.90 Treatment 
of ethylene sulfide with N, N -dimethylethylenediamine in benzene afforded the 
I 
product as a colorless oil. The purity of product can be increased by carrying the 
I 
syntheses under a nitrogen atmosphere. 
11^ 
HN
 yNH + 2 A T • L XTJ 4 ) 
p ^ XCH3 ^ benzene ^ ^ N ^ ^ 
j . ‘ 58 
N, N ,-Bis(2-hydroxybenzyl)-o-phenylenediimine (59) [H2(L6-N202)] was 
prepared by heating o-phenylenediamine with 2 equiv. of salicylaldehyde in ethanol. 
Bright orange crystals were produced in high yield (eq. 25). 
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d - 0 1 ^ ( 2 5 ) 
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To prepare the ligands 1,10-dioxa-4,7-dithiadecane (60) [H2(L7-02S2)] and 
1,4,7,10-tetrathiadecane (61) [H2(L8-S4)], the procedure described by Rosen and 
Busch was followed.91 By treating 1,2-ethanedithiol with two equiv. of 2-
chloroethanol in the presence of NaOEt in ethanol, compound 60 was obtained in 
high yield. Reaction of 60 with thiourea in refluxing conc. HC1, followed by the 
treatment with conc. KOH solution, led to the isolation of 1,4,7,10-tetrathiadecane 
(61) as a white solid (eq. 26). 
- . 
I, O H HO S / S H HS 
HS SH ,
 2 CI OH [ (26) 
W + 2 W f Hd S f 
\ / (2) KOH ~ f 
J 60 61 
2.2. Preparation of DioxotungstenfVI) Complexes 
The syntheses of dioxotungsten(VI) complexes with these tetradentate ligand 
involved W02Cl2(dme) (62) as the starting material. It contains a liable dme ligand 
and two chlorides which can be replaced by negatively charged donor ligands. In 
addition, the solubility of this complex is surprisingly high in polar solvents such as 
CH2C12, CH3CN, and DMF, etc. This is in contrast to other dioxotungsten(VI) 
starting materials such as W02C12 and W02Cl2(bipy) which are only sparingly 
78 
soluble in common organic solvents. Compound 62 was prepared by reacting 
WOCI4 with an equimolar amount of (Me3Si)20 in the presence of excess dme in 
I CH2CI2 (eq. 27).92 
j I I + / ° w ° \ • ( 2 7 ) 
C 1 V W ^ C 1 + H 3 C C H 3 C H 2 C I 2 H 3 C O 
CI CI T H 3 
+ [(CH3)3Si]20 
62 
For the synthesis of dioxotungsten(VI) complexes, the tetradentate ligands 
were treated with 62 and 2 equiv. of triethylamine in CH2C12 (eq. 28). Triethylamine 
acts as a deprotonating agent in these reactions. Reactions of N202 ligands 54 - 56 
with 62 afforded 63 - 65 in high yields (50 to 75%). Due to the poor solubilities of 
W02L l (63) and W02L3 (65) in organic solvents except DMSO and DMF, pure 
I 
compounds can be obtained by simply washing the crude products with different 
solvents such as ethanol and hexane. Compounds 63 and 65 appeared as a white 1 9 
solid and a pale pink solid, respectively. By introducing two tert-buty\ groups in the 
3- and 5- position of the aromatic rings in the ligand L2-N202, the complex 64 is 
highly soluble in polar aprotic solvents such as CH2C12 and CH3CN. Colorless X-ray 
diffraction-quality crystals were obtained by recrystallizing the complex from 
CH3CN. For the preparation of W02(L5-N2S2) (66) from N2S2 ligand 58 the yield 
was moderate (i.e. 35%). Compound 66 was collected as yellow crystals. 
Surprisingly, this compound is slightly soluble in CH2CI2, which is different from the 
N202 analogs 63 and 65. Unfortunately, reactions of the ligands 57d, 59-61 with the 
complex 62 yielded unidentified products. Complex with ligand 59 could not be 
j | 79 
prepared which may be due to the fact that the four donor atoms are in a planar 
arrangement that limits the geometry of the complex if it was formed, to be trigonal 
prismatic. To our knowledge, this geometry has not yet been found for the cis-
dioxotungsten(VI) species. Only native enzyme system (AOR) consists of a tungsten 
77 
active site with a distorted trigonal prismatic structure. 
I O ^
 0 
+ Ligand ^ ^ C n ^ Y - Y + — + 2 [ E t 3 _ [ C 1 ] ( 2 8 ) 
I H 3 C " P O 2 2 
I NCH3 1 Y O o r S 
62 54 « 2 ( 1 ^ 2 0 2 ) 63 75% 
I 55 H2(L2-N202) 64 60% 
I 56 H2(L3-N202) 65 50% 
58 H2(L5-N2S2) 66 35% 
I 
The IR spectra of the complexes 63-66 displayed two strong bands at 885-897 
I 
and 936-951 cm"1 attributable to a cis-dioxo moiety. The IR spectrum of 63 is shown 
in Fig. 18. The lU and l3C NMR spectra of all the complexes were in accord with an 
I 
octahedral structure with a C2 rotation axis. Thus, the H NMR spectrum of 
compound 63 in DMSO-d6 showed two doublets at 6 4.74 and 3.87 assignable to the 
two non-equivalent methylene protons next to the aromatic ring. Two broad signals 
at 8 5.46 and 2.87 were also observed for the two sets of non-equivalent methylene 
protons (Fig. 19). The l3C{lH} NMR spectrum of 63 in DMSO-d6 is displayed in 
Fig. 20 which shows six non-equivalent aromatic carbon signals and two aliphatic 
carbon signals. For compound 65 the spectrum showed a multiplet at 6 2.85-3.01 
for the ethylene linkage of the ligand (Fig. 21). The LSI mass spectra of all of these 
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Fig. 21 lU NMR spectrum of W02(L3-N202) (65) in DMSO-d6 
8 4 
The molecular structure of 64 as determined by single crystal X-ray 
diffraction is shown in Fig. 22. The structure possesses a two-fold symmetry. The 
tungsten atom has a distorted octahedral coordination with a cis-dioxo moiety. The 
oxo ligands are trans to the two nitrogen atoms of the ligand forming an equatorial 
plane while the other two oxygen atoms occupy the axial positions. It is isostructural 
with its molybdenum counterpart.87 The two equal W=0 bond lengths of 1.725 (7) 
A are similar to those found in other six-coordinate dioxotungsten(VI) 
complexes.78'80'82'85 The W-N bond distances trans to W=0 are equal to 2.324 (8) A, 
which is longer than those cis to W - 0 for other dioxotungsten(VI) species, e.g. [W-
N] = 2.249 A in W02Cl2(tmen).93 This demonstrates that the trans effect of the oxo 
ligands causes elongations of the two W-N bonds. The two W-0 bond lengths of 
1.938 (6) A are consistent with those in other W(VI) alkoxide.78,94 The angle 0(1)-
W-O(la) of 107.8° is somewhat larger than those observed for other dioxotungsten 
I analogs such as W02(5-r-Busap)(Me0H) (104.4°),78 [HB(Me2pz)3]W02Et} 
j (103.6°),80 and W02Cl2(dme) ( 1 0 5 . 1 ° ) . 9 2 
C / 1 ^ 0 ( 1 6 , O 
e g c , 11 ) 
r f CU4) 
CJ15J 
Fig. 22 Perspective view of compound 64 with labeling scheme. H 
atoms are omitted for clarity 
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Table 5 Selected bond distances (A) and angles (deg) for 64 
W(l)-0(1) 1.725(7)""""0(2)-C(l) 1.360(12) 
W( 1 )-0(2) 1.93 8(6) N( 1 )-C(7) 1.463(12) 
W(l)-N(l) 2.324(8) N(l)-C(8) 1.449(14) 
0(1)-W -0(2) 99.4(3) N(l)-W(l)-N(la) 73.4(4) 
0(1)-W -N(l) 8 9 . 5 ( 3 ) N(l)-W -O(la) 162.5(3) 




2.3. Electrochemical Studies of DioxotungstenfVI) Complexes 
The cyclic voltammogram of W02(L5-N2S2) (66) in DMF containing 
[ B U 4 N ] [ P F 6 ] exhibits a reduction couple centered at -1.89 V and an oxidation peak 
k 
at -0.07 V v.s. SCE at a scan rate of 0.1 V s"1 (Fig. 23). As the peak to peak 
I 
separation AEP for the reduction couple increases with increasing the scan rate, it is 
consistent with a quasi-reversible process characterized by slow electron transfer. 
The current function (/pcv 1/2C-1) ratio for the reduction of 66 with respect to the one-
electron oxidation of ferrocene under identical conditions is 0.76 at the scan rate of 
0.8 V s"1. At the slower scan rate such as 20 mV s"1, the current function ratio 
increases to 1.25 and the peak current ratio /pa//pc is far smaller than unity. The plot 
of peak current function /pcv"1/2 vs. scan rate v well-demonstrates that the process 
approaches an overall two-electron reduction at the slower scan rates (e.g. 20 mV s"1) 
(Fig. 24). It implies that the one-electron reduction product is somewhat unstable 
and a further addition of one electron occurs directly to the W(IV) state. This will 
occur if the W(VW) potential is much more negative than the W(V/IV) potential, 
86 
which has been shown for other dioxo Mo complexes.87,95,96 So when the scan rate is 
increased to 0.8 V s"1, a one-electron quasi-reversible reduction occurs on this CV 
timescale. Moreover, the intensity of the oxidation peak at -0.07 V decreases with 
increasing the scan rate and eventually vanishes at the scan rate of 0.8 V s"1. This 
indicates that this oxidation peak is due to the oxidation of the W(IV) species 
generated in the solution. Presumably, this peak can be assigned to the oxidation of 
W(IV) to W(V) species. When water (20% v/v) was added to the solution, the cyclic 
voltammograms revealed that it promotes the overall two-electron reduction process. 
From the above evidences, the reaction mechanism for the interconversion between 
W(VI) and W(IV) of 66 can be proposed (eq. 29). The rapid conversion from 
I[Wv02L5]" to [ W I V O L 5 ] may be accomplished by the presence of residual water in the electrolyzing solvent. It is noted that a similar mechanism has been proposed for 
the analogous MoC>2(L5-N2S2) but the reduction potential occurs at -1.34 V vs. SCE 
• 
in CH2CI2 95 which is more positive by 0.55 V. 
[ W 0 2 L 5 ] 1 ¾ [W0 2 L5] - + 2 [WOL5] (29) 
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I Fig. 23 (a) Cyclic voltammogram of W02(L$-N2S2) (66) at a scan rate of 
0.1 V s"1 in DMF containing 0.1 mol dm"3 [Bu4N][PF6]. (b) The 
corresponding voltammogram recorded at a scan rate of 0.8 V s". 
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Fig. 24 Peak current function ipc v" vs. scan rate v from cyclic 
voltammograms of W02(L5-N2S2) (66) 
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I For W02(L l-N202) (63) the cyclic voltammograms in DMF display only an 
irreversible peak at a very negative potential of -2.07 V at different scan rates. This 
peak is assignable to the reduction of the W(VI) to W(V) state (Fig. 25). The 
reduction potential is much more negative than that of M002(L1-N202)(Me2S0) 
1 
5 
(_1 44 V)87 The difference of 0.63 V is quite close to that in the case of L -N2S2 
complexes (i.e. 0.55 V). The electrochemical behavior of the Mo02 complex 67 was 
I explored in detail by Spence et al.}1 The electroactive species were isolated by both 
coulometric reduction and chemical reduction and were examined by cyclic 
I
 u voltammetry and ESR. The data strongly suggested that in the Mo(V) species, the 
I 
amino groups of the ligand were deprotonated. The pathway involved was proposed 
ft 
as shown in Scheme 5. Further investigations must be conducted in order to verify 
. 
whether this mechanism can be applied to the tungsten analog 63. 
•::‘ 
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Fig. 25 Cyclic voltammogram of W02(L l-N202) (63) in DMF 
containing 0.1 mol dm"3 [Bu4N][PF6]. scan rate 0.1 V s"1. 
_ 
The electrochemistry of W02(L3-N202) (65) was also studied but by cyclic 
• 
voltammetry. The voltammograms showed several poorly-defined waves in the 
r 
scanning region between +0.8 V and -2.4 V. These greatly hinder the interpretation 
of the data. 
By comparing the reduction potential of S-ligated tungsten(VI) complex 66 
(-1.89 V) with O-ligated complex 63 (-2.07 V) it seems that O-ligated complexes are 
poorer oxidants than S-ligated analogs. 
I ‘ _ _ _ H gl.01 
| . 90 
2.4. Oxo-transfer Properties of DioxotungstenfVI) Complexes 
Though the oxo-transfer properties of dioxomolybdenum(VI) model 
complexes are well-developed, the tungsten-mediated oxo-transfer reactions remain 
relatively unexplored. The oxo-transfer properties of compounds 63 65 and 66 were 
• • -3 
examined with benzoin as the common reductant. In a typical experiment, 7 x 10" 
mmol of complex 63 and 20 equivalents of benzoin were dissolved in degassed 
(CD3)2SO (0.5 ml). The mixture was sealed in an NMR tube and heated at 100°C. 
The relative amounts of benzoin and its oxidized product, benzil as well as complex 
63 were monitored by lU NMR spectrometry. The oxo-transfer properties of the 
other two compounds 65 and 66 were investigated similarly. During the course of 
I the reactions, benzoin was oxidized to benzil and the ratio of {[Benzoin] + [Benzil]} 
to [WO2L] was remained constant. In the absence of the complexes, no reaction 
I 
! occurred between benzoin and (CD3)2SO. The percentage conversion of benzoin to 
5 . 
benzil was about 90% after 36 h reaction time for W02(L -N2S2) (66). However, for 
the N2O2 ligated dioxo complexes 63 and 65 the reaction rates were very slow and 
the percentage conversion reached 50o/o after 6.5 days for both cases. These results 
suggested that the dioxotungsten(VI) complexes can catalyze the oxo-transfer 
reactions between dimethyl sulfoxide and benzoin (eq. 30). 
I (C D3)2S O + P h X i U p h (CD3>2S + P h l L h + H 2 ° ( 3 0 ) 
A plausible catalytic cycle is proposed in Scheme 6. Presumably, the W(VI) 
complex transfers an oxo group to benzoin to form benzil and water. The reduced 
91 
species is likely to be the monomelic W(IV) complex WOL, which can be oxidized 
back to the dioxo W(VI) complex with (CD3)2SO. 
I N
 + H 2 O 




Assuming that the regeneration of the W(VI) complex (k2) is relatively fast, 
its concentration should be essentially constant throughout the reaction. The benzoin 
• I 
oxidation (ki) is thus the rate-limiting step and the consumption of benzoin should be 
first order in both [benzoin] and [W02L]. Thus, the disappearance of benzoin should 
E follow the rate equation 33 as derived below, where the subscript denotes initial 
concentration. 
I -d[Benzoin]
 = k ^ W Q 2 L j [ B e n z o i n ] ( 
= k o b s [Benzoin] 
[Benzoin] = [Benzoin]0 e"k°bst (32) 
r [Benzoin]0 , 
I l n l [Benzoin] i ^ K ) 
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A plot of ln{[Benzoin]o/[Benzoin]} with time for N2S2 complex 66 is 
presented in Fig. 26. It can be seen that the rate of disappearance of benzoin can be 
described by a pseudo first-order rate law (k0bs = ki[66] = 1.86 x 10"5 s"1). Dividing 
k0bs by [66] gives ki - 1.31 x 10"3 M'1 s"1. For the other two N2O2 complexes 63 and 
65, because of the very slow reaction rate, a decrease in catalytic activities was 
observed at sufficiently long time. The slopes, kobs, were calculated from the data 
points within the first 85 h. The calculated ki for 63 and 65 were found to be 1.28 x 
10"4 and 9.43 x 10"5 M'1 s"1, respectively. By comparing the ki values for these three 
complexes, it can be concluded the dioxotungsten(VI) S-ligated complex 66 
undergoes oxo-transfer to benzoin faster than the O-ligated complexes 63 and 65 by 
I V 
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Fig. 26 Plot of ln{[Benzoin]o/[Benzoin]} vs. time for system 
containing initially 0.28 mol dm" benzoin, and 0.014 
mol dm"3 W02(L5-N2S2) (66) in (CD3)2SO at 100°C. 
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2.5. Conclusion 
This work reports the synthesis of dioxotungsten(VI) complexes with N202 
and N2S2 tetradentate ligands from the W02Cl2(dme) complex. All of them were 
1 13 
unambiguously characterized by various spectroscopic techniques ( H, C NMR, IR, 
and LSI-MS) and elemental analyses. The molecular structure of one of the 
complexes W02(L2-N202) (64) revealed that the tungsten center has a distorted 
octahedral coordination with a cis-dioxo moiety. Quasi-reversible one-electron 
processes for the W(VW), coupled with the subsequent reduction of W(V) to W(IV) 
iwere observed on the CV time scale for the N2S2-ligated dioxotungsten complex 66. Oxotransferase activities of the dioxotungsten(VI) complexes were demonstrated by 
reacting them with benzoin in DMSO. The electrochemical studies showed that the 
N202-ligated dioxo complex 63 exhibits a more negative reduction potential than the 
N2S2-ligated complex 66. The oxo-transfer rates of the N202-ligated complexes 63 
I 
and 65 with benzoin are very slow in comparing with that of the N2S2-ligated 
I complex 66. These suggested that the S-ligated W(VI) complexes are better oxidants 
than the O-ligated analogs. 
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I 3. EXPERIMENTAL SECTION 
3.1. Materials 
All reactions were carried out using standard Schlenk-line techniques under 
an atmosphere of nitrogen. Dichloromethane was dried over 4 A molecular sieves 
and distilled from calcium hydride. All other reagents and solvents were of reagent 
grade and used as received. 
3.2. Physical Measurements 
The 1H and 13C NMR spectra were recorded on a Bruker WM 250 
I spectrometer (1¾ 250; 13C, 62.9 MHz) or a Bruker ARX 500 spectrometer 500; 
13C, 125.8 MHz). Spectra were referenced internally using the residue protons 
and solvent (13C) resonances relative to tetramethylsilane (8 = 0). Infrared spectra 
I 
were recorded on a Perkin Elmer 1600 series FT-IR spectrometer as KBr pellets. 
• • 
Liquid secondary-ion (LSI) mass spectra were measured on a Bruker APEX 47e 
ultra-high resolution Fourier transform ion cyclotron resonance (FT-ICR) mass 
• 
spectrometer with 3-nitrobenzyl alcohol as matrix. Elemental analyses were 
performed by the Shanghai Institute of Organic Chemistry, Chinese Academy of 
Sciences. Electrochemical measurements were carried out with a BAS CV-50W 
potentiostat using a conventional three-electrode cell equipped with a glassy carbon 
disc working electrode (3 mm diam.), a Pt wire auxiliary electrode and a Ag wire 
quasi-reference electrode. Typically, experiments were carried out at room 
• 3 
temperature under a dry N2 atmosphere in DMF containing 0.1 mol dm" 
[BU4N][PF6]. The concentrations of complexes were in the 10" mol dm" range. The 
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electrolyte [Bu4N][PF6] was recrystallized from THF and dried in vacuo before use. 
The system was deoxygenated by purging with N2 for approximately 10 min. 
Following this, N2 was allowed to flow over the solution to prevent O2 from re-
entering the cell during the measurement. All potentials were referenced to the 
ferrocenium-ferrocene couple at +0.40 V relative to the saturated calomel electrode 
(SCE). The reversibilty was judged by the separation between the anodic and 
cathodic potentials and the effect of scan rates on the voltammograms. 
3.3. Preparation of Tetradentate Ligands 
AT,AT,-Bis(2-hydroxybenzyl)-l 2-diaminoethaiie (54).87 1,2-Diaminoethane 
(1.50 g 25 mmol) was added dropwise to a solution of salicylaldehyde (6.11 g 50 
mmol) in ethanol (100 ml). After stirring for 1 h at room temperature, the mixture 
was ice-cooled and then NaBRj (1.89 g, 50 mmol) was added carefully. The reaction 
I' 
I mixture was stirred overnight at room temperature. Ethanol was removed under 
reduced pressure and cold water (100 ml) was added. The mixture was stirred at 0 
°C for 1 h and the resulting mixture was extracted with CHC13 (3 x 100 ml). The 
organic layer was dried over anhydrous MgSC>4 and rotary-evaporated to give the 
white precipitate, which was dried in vacuo. Yield: 4.91 g (70%). {H NMR (CDC13, 
250 MHz): 5 7.17(t, J = 7.7 Hz, 2H, AIH), 6.98 (d, J = 6 . 1 Hz, 2H, AIH), 6.75-6.85 
\ (m, 4H, AXH), 4.83 (br s, 2H, N / / ) 4.00 (s, 4H, ArCi/2), 2.84 (s 4H CH2CH2). 
Ar,A^,-Bis(2-hydroxy-3,5-di-ter/-butylbenzyl)-l,2-diaminoethane (55). 
1,2-Diaminoethane (0.120 g, 2.0 mmol) was added dropwise to a solution of 3,5-di-
rerr-butyl-salicylaldehyde (0.937 g 4.0 mmol) in ethanol (20 ml). After stirring for 
0.5 h at room temperature, THF (20 ml) and then NaBH4 (0.151 g, 4.0 mmol) was 
j I: 96 
added. The reaction mixture was refluxed for 5 h. The solvent was removed under 
reduced pressure and cold water (20 ml) was added. The mixture was stirred at 0°C 
for 1 h, then extracted with CHC13 (3 x 20 ml). The organic layer was dried over 
anhydrous MgS04 and rotary-evaporated to afford the white precipitate, which was 
I dried in vacuo. Yield: 0.695 g (70%). lH NMR (CDC13, 250 MHz): 5 7.22 (d, J = 
b 2.5 Hz, 2H, ArH), 6.85 (d, J = 2.5 Hz, 2H, AiH), 3.97 (s 4H, ArCft), 2.87 (s, 4H, 
CH2CH2), 1.41 (s, 18H, lBu), 1.28 (s, 18H, lBu). 
l,2-Bis(2-hydroxyanilino)ethane (56).p A mixture of o-aminophenol (6.25 
g, 0.057 mol ) and 1,2-dibromoethane (12.5 g, 0.067 mol) in water (160 ml) was 
refluxed under nitrogen for 2 h. The solution was decanted and the dark oily solid 
was converted to a white solid by washing with diethyl ether. The crude product was 
recrystallized from ethanol to afford white crystals. Yield: 2.44 g (35%). [H NMR 
ft 
(DMSO-d6, 250 MHz): 5 9.22 (s, 2H, AiOH), 6.63 (t, J = 7.4 Hz, 4H, AiH), 6.53 (d, 
I 
I J= 7.6 Hz, 2H, AiH), 6.40 (dt, J = 1.4 7.43 Hz, 2H, AiH), 4.78 (br s 2H, NH), 3.25 
(s, 4H CH2CH2). 
I 
2,2'-Bibenzothiazolinyl (57a).89 2-Aminothiophenol (10.0 g, 0.080 mol) 
was dissolved in methanol (50 ml), to which 30% aqueous glyoxal (7.1 ml, 0.044 
mol) was added dropwise. The reaction mixture was refluxed for 2 h and cooled to 
room temperature. Colorless crystals formed were filtered off and washed with 
diethyl ether until the filtrate became colorless in color. The crystals were dried 
vacuo. Yield: 7.63 g (70%). 
Glyoxal-bis(2-mercaptoanil)-zinc(II) (57b).89 57a (6.81 g, 0.025 
mol) was dissolved in refluxing 1 : 1 dioxane-methanol (100 ml) under nitrogen 
and then zinc acetate dihydrate (5.49 g, 0.025 mol) in methanol (40 ml) was 
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\ added. The reaction mixture was refluxed for 0.5 h. The solution was cooled to give 
a dark orange solid, which was filtered off and dried in vacuo. Yield: 5.04 g (60%). 
I NMR (DMSO-d6, 250 MHz): 5 8.65 (s, CH), 7.57 (d J = 8.0 Hz, 2H, ArH), 
7.35 (d, J = 6 . 6 Hz, 2H, AiH), 7.03 (t,J= 7.5 Hz, 2H, AvH), 6.87 ( t , J = 6.9 Hz, 2H, 
ArH). 
l,2-Bis(2-mercaptoanilino)ethane-zinc(II) (57c).89 NaBH4 (0.757 g, 0.020 
mol) was added to a stirred suspension of 57b (5.00 g 0.015 mol) in absolute ethanol 
(50 ml). After stirring overnight, a purple solid was filtered off and washed with 
ethanol. The product was redissolved in DMF (25 ml) at 50°C and more NaBH4 was 
added until the solution was decolorized. A pale pink solid was precipitated by the 
addition of methanol and then dried in vacuo. Yield: 4.08 g (80%). 
l 2-Bis(2-mercaptoanilino)ethane (57d).89 57c (4.00 g, 0.012 mol) was 
dissolved in DMF (20 ml) to which 2 N NaOH (12 ml) was added dropwise with 
I stirring. Water (25 ml) was added and the solution was filtered. The filtrate was 
neutralized with 1M HC1. The supernate was decanted leaving a gummy solid, 
I 
which was dissolved in CH2C12 (30 ml). The organic layer was washed with water 
and dried over anhydrous Na2S04. The solvent was rotary-evaporated and the 
residue was recrystallized from 1 : 4 chloroform and ethanol to yield yellow crystals. 
Yield: 2.16 g (65%). lU NMR (CDC13, 250 MHz): 5 7.34 (dt, J = 1.5 7.6 Hz, 2H, 
ArH), 7.27 (d J = 7.2 Hz, 2H, AiH), 6.59 (t, J = 6.5 Hz, 2H, AxH), 6.51 (d, J = 8.3 
I Hz, 2H, AxH), 4.95 (br s, 2H, NH)9 3.01 (s, 4H, CH2CH2). 
A^J/V,-Dimethyl-iV,Ar,-bis(2-mercaptoethyl)ethylenediamine (58). 
Ethylene sulfide (1.80 g, 30 mmol) in benzene (10 ml) was added dropwise to a 
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solution of N,N -dimethyl-1,2-diaminoethane (0.88 g, 10 mmol) in benzene (10 ml). 
The reaction mixture was refluxed for 5 h. The solvent was removed in vacuo to 
give the product as a colorless oil. Yield: 1.67 g (80%). ^ NMR (CDC13, 250 
\ MHz): 6 2.45-2.87 (m, 12H, CH2CH2), 2.28 (s, 3H, C//3), 2.26 (s, 3H C//3), 1.80 (br 
s 2H, SH). 
AyV,-Bis(2-hydroxybenzyl)-0-phenylenediimine (59). A mixture of o-
phenylenediamine (1.33 g, 0.012 mol) and salicylaldehyde (3.0 g, 0.025 mol) in 
ethanol was heated gently for 1 h. The solution was cooled and filtered. The orange 
crystals were washed with cold ethanol and dried in vacuo. Yield: 3.40 g (87%). 
I NMR (CDCI3, 250 MHz): 5 13.07 (s, 2H, AvOH), 8.63 (s, 2H ArC/f), 7.31-7.39 (m, 
I'I 6H AvH), 7.21-7.26 (m, ArH), 7.05 (d, J 8.1 Hz, 2H, ArH), 6.91 (dt, «7=1.0 
,, 7.4 Hz, 2H, ArH). 
l,10-Dioxa-4,7-dithiadecane (60).91 Sodium (5.75 g, 0.25 mol) was 
I dissolved in absolute ethanol (250 ml) under nitrogen. The mixture was heated 
gently and 1,2-ethandithiol (11.78 g, 0.125 mol) was added slowly. To the resulting 
solution, 2-chloroethanol (20.2 g 0.25 mol) was cautiously added and the mixture 
was then refluxed overnight. The mixture was cooled and filtered. The ethanol was 
removed from the filtrate at reduced pressure to give a white solid, which was dried 
I' in vacuo. Yield: 19.5 g (86%). lH NMR (DMSO-d6, 250 MHz): 6 4.79 (t J = 5.5 
I Hz, 2H, OH), 3.51 (dt, J = 5.6, 6.8 Hz, 4H, OCH2), 2.69 (s, 4H, CH2CH2), 2.58 (t,J 
=6.9 Hz, 4H, SCH2). 
1,4,7,10-Tetrathiadecane (61).91 A mixture of 60 (10.0 g, 0.055 mol), conc. 
HC1 (30 ml) and thiourea (8.37 g, 0.11 mol) was refluxed for 15 hr. After cooling to 
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room temperature. A solution of KOH (19.1 g, 0.34 mol) in water (110 ml) was 
cautiously added. The mixture was refluxed with stirring for an additional 3 h. After 
cooling, the two-layered system was extracted with CHCI3. The CHCI3 layer was 
dried over anhydrous MgS04, and filtered, then rotary-evaporated to give a white 
solid. Yield: 3.24 g (27.5%). NMR (DMSO-d6, 250 MHz): 5 2.60-2.83 (m, 12H, 
I CH2CH2). 
3.4. Preparation of DioxotungstenfVI) Complexes 
W02Cl2(dme) (62).92 To a suspension of WOCl4 (6.44 g, 18.8 mmol) in 
CH2CI2 (100 ml) was added (Me3Si)20 (3.20 g, 19.8 mmol). After stirring at room 
temperature for 1.5 h, a light yellow solid precipitated. Ethylene glycol dimethyl 
ether (dme) (3.0 ml, 28 mmol) was added via a syringe and the reaction mixture was 
• 
stirred overnight. The solution was filtered to remove the brownish residue. The 
I 
I clear filtrate was then concentrated at room temperature on the vacuum line. When 
• • 
white crystals began to precipitate, diethyl ether ( 20 ml) was added. After cooling 
I 
overnight at -20°C, the white crystals formed were filtered off, washed with diethyl 
ether and then dried in vacuo. Yield: 4.72 g (67%). 
W02(L1-N202) (63). To a mixture of W02Cl2(dme) (0.19 g, 0.5 mmol) and 
H2L[ (54) (0.14 g, 0.5 mmol) in CH2C12 (15 ml) was added triethylamine (0.14 ml, 
1.0 mmol). The mixture was allowed to reflux overnight then the volatiles were 
removed under reduced pressure. The residue was washed with ethanol and hexane, 
and dried in vacuo. Diffusion of water into a DMF solution of the crude product gave 
II a white crystalline solid. Yield: 0.18 g (75%). lH NMR (DMSO-d6, 250 MHz): 8 
j I 7.I8 ( t ,y= 7.5 Hz, 2H, ArH), 7.11 (d’ J 7,5 Hz, 2H, ArH), 6.83 (t,J= 7.5 Hz, 2H, 
100 
I I ArH), 6.76 (d, J - 8.0 Hz, 2H, ArH), 5.46 (br s, 2H, CH2CH2), 4.74 (d J= 14.3 Hz, 
ArC//2), 3.87 (d, 14.3 Hz, 2H, ArC//2), 2.87 (br s, 2H, CH2CH2), 2.32 (br s, 
2H, NH). NMR (DMSO-d6, 62.9 MHz): 6 158.2, 129.5, 128.0, 122.4, 
120.3, 119.2, 52.6, 46.1. IR (KBr, cm'1): 3449 (w), 3257 (m), 3181 (m), 2909 (w), 
I 1599 (m), 1575 (m), 1486 (s), 1446 (s), 1362 (w) 1302 (m), 1263 (s), 1238 (s), 1192 
I (m), 1154 (w), 1113 (w) 1075 (m), 1045 (w), 1016 (w), 969 (m) 941 (s), 885 (s), 
828 (m), 776 (s), 759 (m), 714 (w), 640 (s) 559 (m), 498 (m). LSI-MS: a cluster 
peaking at m/z 487.08 [Calcd. for mW02(Ll)H+ 487.08]. Anal. Calcd. for 
C16H18N204W: C, 39.53; H, 3.73; N, 5.76. Found: C, 39.63; H 3.42; N, 5.74. 
iW02(L2-N202) (64). To a mixture of W02Cl2(dme) (0.19 g, 0.5 mmol) and H2L2 (55) (0.25 g, 0.5 mmol) in CH2C12 (15 ml) was added triethylamine (0.14 ml, 1.0 mmol). After refluxing overnight, the mixture was filtered and the filtrate was 
evaporated in vacuo. The residue was washed with ethanol and hexane, and then 
I 
E recrystallized from CH3CN as colorless crystal. Yield: 0.21 g (60%). lU NMR 
1 (CDC13, 250 MHz): 5 7.32 (s, 2H ArH), 6.86 (s, 2H, ArH), 5.22 (d, J= 13.6 Hz, 2H, 
H 
1 ArC//2), 3.95 (d, J = 13.6 Hz, 2H ATCH2), 3.00 (br s, 4H, CH2CH2), 2.79 (br s, 2H 
NH), 1.45 (s, 9H, lBu), 1.28 (s, 9H, lBu). 13C{lH} NMR (CDC13, 62.9 MHz): 6 
154.9, 142.9, 138.9, 124.1, 123.6, 120.7 54.3, 46.7 35.2, 34.3, 31.6 30.0. IR (KBr, 
I • 
I • 
cm-1): 3423 (w) 3230 (w) 2957 (s), 2906 (m), 2868 (m), 1474 (s), 1442 (s), 1362 
[ (m), 1305 (w) 1262 (m) 1237 (s), 1204 (m), 1167 (m), 1132 (m), 1067 (w), 1027 
(w), 939 (s), 897 (s), 849 (s), 802 (w), 758 (m), 557 (m), 486 (w). LSI-MS: a cluster 
1 peaking at m/z 711.34 [Calcd. for 184W02(L2)H+ 711.33]. Anal. Calcd. for 
I C32H50N2O4W: C, 54.09; H, 7.09; N 3.94. Found: C, 53.49; H, 7.14; N’ 3.74. 
101 
W02(L3-N202) (65). According to the method described for 63, 
W02Cl2(dme) (0.19 g 0.5 mmol) was treated with H2L3 (56) (0.12 g, 0.5 mmol) and 
triethylamine (0.14 ml, 1.0 mmol) in CH2C12 (15 ml) giving 65 as a light pink solid. 
Yield: 0.11 g (50%). lHNMR (DMSO-d6, 250 MHz): 5 8.04 (br s, 2H, 7.21 (t, 
I ‘ J =7.5 Hz, 2H, AvH), 7.20 (d, J = 7.5 Hz, 2H, AvH), 6.91 (t 7.5 Hz, 2H, ArH), 
I 6 . 8 3 (d, J 7 . 5 Hz, 2H, ArH), 2 . 8 5 - 3 . 0 1 (m 4H CH2CH2). 13C{!H} NMR (DMSO-
| d6 125.8 MHz): 5 161.6, 134.1, 129.0, 125.6, 121.4, 117.0, 50.4. IR (KBr, cm"1): 
I 3448 (w), 3184 (s) 1594 (s), 1491 (s) 1462 (s) 1383 (m), 1340 (m), 1260 (s), 1233 
I (s), 1196 (m), 1107 (m), 1066 (w) 1028 (m) 997 (s) 951 (s), 911 (s) 887 (s), 847 
I (s), 786 (s), 748 (s), 738 (m), 647 (s), 587 (m), 539 (m). LSI-MS: a cluster peaking 
I at m/z 459.06, [Calcd. for 184W02(L3)H+ 459.05]. Anal. Calcd. for C14H14N204W: C, 
36.70; H, 3.08; N, 6.11. Found: C, 36.68; H, 3.00; N, 5.88. 
1 
W02(L5-N2s2) (66). According to the method described for 64 
iW02Cl2(dme) (0.19 g, 0.5 mmol) was treated with H2L5 (58) (0.10 g, 0.5 mmol) and triethylamine (0.14 ml, 1.0 mmol) in CH2C12 (15 ml) giving 66, which was 
m 
recrystallized from CH2C12 as yellow crystals. Yield: 0.07 g (35%). [H NMR 
I . (CDC13, 250 MHz): 5 3.54-3.64 (m, 2H, CH2\ 3.04-3.39 (m 10H, CH2), 3.26 (s 6H, 
CH3). NMR (DMSO-d6, 125.8 MHz): I 67.0 56.2, 52.0, 27.6. IR (KBr, 
I cm]): 2914 (m), 1449 (s)’ 1304 (m), 1239 (m), 1219 (w), 1064 (w), 1047 (m), 1030 
I (m), 1012 (w), 936 (s) 895 (s), 765 (m) 734 (m), 690 (w), 534 (w), 452 (w). LSI-
I MS: a cluster peaking at w/z 423.04 [Calcd. for 184W02(L4)H+ 423.04]. Anal. Calcd. 
I for C8H18N202S2W: C, 22.76; H 4.30; N, 6.63; S, 15.19. Found: C, 23.00; H, 4.21; 
N, 6.56; S 15.74. 
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Appendix B-3 l3C{lH} NMR spectrum of [Pc’(CH2OC5H")8]TiO (25) in CDC13 







I • , 
CO 
i 
S 3 ' ^ ‘ 
W H Z Z X 1 1 
T^rzr ^ ^ f - g 
^ U ^ 3T Q ^=- CL. CJ A.. 
^ ^ • O 
J [ 
TTTT! ^ f c 
IJ 
— ^ /, r 
——V 1 L I 115 
Appendix B-4 l3C{lU} NMR spectrum of [Pc ’(OC4H9)8]TiO (26) in CDC13 
j [ 
TTT^ > j^7 L o 
TTTi ^ j 
VS'IZ % 
I Lo 
I L o l 
i t ^ 
d o ^ = —— 
WTZ ^ I g 
U 5 2 Q J c 




Zv-WU \ p , 
S6'92t S. 
A I — 
, z ^ j k . 1 ; 
v/ i i 
I 116 

I Appendix C-l The isotopic ion distribution of {{[Pc (C7H15)8]TiO} - H}+ (23-H)+ 
observed in the FAB mass spectrum of 23. The bottom spectrum 
shows the corresponding simulated pattern. 
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Appendix C-2 The isotopic ion distribution of {{[Pc (OC5Hu)8]TiO} - H}+ (24-H)" 
observed in the FAB mass spectrum of 24. The bottom spectrum 
shows the corresponding simulated pattern. 
( 
: I 
I O o 
\ _ 
J CN 
3 1-H rH 
, 
^ 0 0 
% a
 H … S - ^ 
s V 1 1 
^ ^ 1 “ vo 
I vo 00
 — S SO J ~ CN 
^ 'H nm- _ H 
to “ % h L 
M CNI R1 : • 00
 " J - 01 t rm — - = = = = i i z i r . 
^ 0 I _ S 
l CNJ 
00
 — S D — = = = 1 ^ -— 
I f . ^ 7 -
cnj S H ) 
I 00 10 
01 J - s 
^ « 1 r . M < - " 
^ ^ — M 
5 - N * 0 
> ““ 1 _ V^) 
I 1 U "" 
I i . -
1 00 
I I ^ “ 
. J ~ 1 / ) 
—i•f—J~~I~II~II"""I"""I~~“I r j 
— I 1 1 1 1 ‘ 1 1 r 
IN -H O 0 
^ • • • • 
O id in 0 
II 119 
I 
Appendix C-3 The LSI mass spectrum of 25 showing the isotopic ion distribution 
of {[Pc (CH2OC5Hu)8]TiO}+ (25+). The bottom spectrum shows 
the corresponding simulated pattern ofM4" ion. 
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Appendix C-4 The LSI mass spectrum of 26 showing the isotopic ion distribution 
of {{[Pc”(OC4H9)8]TiO} + H}+ (26+H)+. The bottom spectrum 
shows the corresponding simulated pattern of MR1" ion. 
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Appendix C-5 The LSI mass spectrum of 29 showing the isotopic ion distribution 
of {[Pc (C7H 5)8]Ti(02C6H4)}+ (29+). The bottom spectrum shows 
the corresponding simulated pattern of M+ ion. 
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Appendix C-6 The LSI mass spectrum of 30 showing the isotopic ion distribution 
of {[PC ( C 7 H I 5 ) 8 ] ^ : 0 } + . The bottom spectrum shows the 
corresponding simulated pattern of M^ ion. 
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Appendix D-5 IR spectrum of [Pc (C7Hi5)8 T 02C6H4) (29) 
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Appendix E-l Cyclic voltammogram of [Pc (C7Hi5)8]TiO (23) in CH2C12 
containing 0.1 mol dm"3 [Bu4N][PF6]. Scan rate 50 mV s"1. 
I /V / 
: ^ V nM 
I ^ 5 - G C 0 1 / / r 
r r^ V R 
. •‘ / / \ / — 
I … / / 
• …-!/ / i 
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“ • •‘ •‘ F / I 
• | S y 
• ., • * I _ 
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—2d. 0 G 1 1 1 1 I ‘ ‘ ‘ ‘ ! ; ! r 
^ .50 +1 .20 - 0 . 6 0 0.00 0.60 - 1 . 2 0 - ' . 6 0 
E / V vs. SCE 
Table summarizing the electrochemical data of [Pc (C7Hi5)g]TiO (23) 
vs. the saturated calomel electrode (SCE) in CH2CI2 
oxd.2d oxd.l red.l red.2 
scan rate Eia Ei/2a /pc"paC Ei/2a WpaC W'pa 
(mV s"1) (AEp)b (AEp)b (AE^ (AEp)b 
"TO +L47 +0.86 0?76 ^ 7 1 L23 T 0 6 0.99 
(134) (145) (90) (100) 
100 +1.47 +0.89 0.62 -0.70 1.27 -1.05 0.89 
(156) (102) (90) (100) 
200 +1.50 +0.92 0.63 -0.68 1.22 -1.03 0.86 
(155) (114) (108) (116) 
400 +1.51 +0.93 0.45 -0.68 1.04 -1.03 0.76 
(187) (118) (136) (148) 
a
 Half-wave potential (V) estimated by E1/2 = (E^ + Epa)/2. 
b
 Peak to peak separation (mV) evaluated by AEP = |Epa - EpJ. 
c
 Peak current ratio of ;'pc / /pa-
d
 Current ratio U / /pa cannot be determined as cathodic peaks are not well-defined for 
all the scan rates. 
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Appendix E-2 Cyclic voltammogram of [Pc (OC5Hii)8]TiO (24) in CH2C12 
containing 0.1 mol dm"3 [Bii4N][PF6]. Scan rate 50 mV s"1. 
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I I _L 
6.0 G 0 1 1—i 1 r—I 1 1 1—I 1 1 1—i ~ 
“ ‘ V i .80 +1.20 +0.60 0.00 -0 .60 - 1 . 2 0 -1 .80 
E/Vvs. SCE 
Table summarizing the electrochemical data of [Pc (OC5Hii)8]TiO (24) v .^ the 
saturated calomel electrode (SCE) in CH2CI2 
oxd.2 oxd.l red.l red.2 
scan rate Ei/2a /pc"pa° E1/211 /pc"paC Ei/2a ‘ “ E1/2 W'pa 
(mV s-1) (AEp)b (AE^ (AE^ (AEp)b 
+L37 086 +0.80 0^8 ^0/77 L12 TTl 1.07 
(56) (88) (64) (72) 
100 +1.38 0.76 +0.81 0.56 -0.77 0.91 -1.11 1-08 
(50) (56) (62) (72) 
200 +1 39 0.45 +0.83 0.43 -0.77 0.87 -1.11 1.01 
(49) (56) (72) (86) 
400 -----d d +0.85 0.39 -0.77 0.86 -1.12 1.01 
(62) (100) (110) 
a
 Half-wave potential (V) estimated by E1/2 (Epc + EjJ/2. 
b
 Peak to peak separation (mV) evaluated by AEP = |Gpa - EpJ. 
c
 Peak current ratio of ipc / /pa. 
d
 Peak location and Peak current ratio cannot be determined as both cathodic peak and anodic peak are 
not well-defined. 
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IK Appendix E-3 Cyclic voltammogram of [PcXCHzOQHi 08]TiO (25) in CH2C12 
containing 0.1 mol dm'3 [Bii4N][PF6]. Scan rate 50 mV s'1. 
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-24 .00- j 
r 
- 3 0 . 0 0 1 1 r- ! 1 1 1 1~ 
+ 1.00 0.00 1.00 — 2.00 
E / V vj. SCE 
Table summarizing the electrochemical data of [Pc’(CH2OC5Hii)8]TiO (25) VJ. the 
saturated calomel electrode (SCE) in CH2CI2 
I Qxd.2d Oxd.l Red.l Red.2 Red.3e 
scan rate Em ^m Ei/2a Wzpa° E1/2 7V7pa E1/2 
(mV s'1) (AEp)b (AEp)b (AE^ (AE^ ( ) 
+ 7 4 8 + 0 9 6 0 1 0 ^ 5 8 L29 ^093 0 J 7 -1.39 
(115) (126) (84) (78) (118) 
100 +1 50 +0.95 0.43 -0.58 1.08 -0.93 0.72 -1.40 
(196) (144) (86) (80) (87) 
200 +1 51 +0.96 0.42 -0,58 1.17 -0.93 0.69 -1.39 
^ (231) (108) (96) (90) (116) 
400 +1 52 +0.98 0.38 -0.58 1.12 -0.93 1.02 -1.40 
(261) (89) (120) (110) (132) 
a
 Half-wave potential (V) estimated by E1/2 = (Epc + Epa)/2. 
b
 Peak to peak separation (mV) evaluated by AEP = |Epa - EpJ. 
c
 Peak current ratio of/pc //pa. 
d
 Current ratio /pc / /pa cannot be determined as cathodic peaks are not well-defined for all the scan rates, 
e Modic currents are very low relative to cathodic currents for ail the scan rates. 
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Appendix E-4 Cyclic voltammogram of [Pc (OC4H9)8]TiO (26) in CH2C12 
containing 0.1 mol dm'3 [Bu4N][PF6]. Scan rate 50 mV s'1. 
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E/V vs. SCE 
Table summarizing the electrochemical data of [Pc (OC4H9)8]TiO (26) v^. the 
saturated calomel electrode (SCE) in CH2CI2 
oxd.2 oxd.l red.l red.2 
scan rate Em i^Jh^ ^ m W'paC Ei/2a Ei/2a 
(mV s'1) (AEp)b (AE^ (AEp)b (AEp)b 
"50 +0.96 0?78 +0.59 054 0^?70 U 1 T06 1.01 
(88) (50) (80) (74) 
100 +0.96 0.79 +0.59 0.48 -0.70 1.16 -1.06 1.01 
(80) (38) (84) (72) 
200 +0.95 0.77 +0.58 0.52 -0.71 1.19 -1.07 1.01 
(90) (46) (94) (84) 
400 +0.94 0.75 +0.58 0.63 -0.72 1.22 -1.08 1.04 
(102) (64) (108) (100) 
a
 Half-wave potential (V) estimated by E1/2 = (Epc + Epa)/2. 
b
 Peak to peak separation (mV) evaluated by AEP = |Epa - E J . 
| c Peak current ratio of / /pa-
134 
IK Appendix E-5 Cyclic voltammogram of [Nc,(C6Hl3)8]TiO (27) in CH2C12 
containing 0.1 mol dm"3 [Bu4N][PF6]. Scan rate 50 mV s"1. 
"t* I O . W sJ I i I 
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E / V V5. SCE 
Table summarizing the electrochemical data of [Nc (C6Hi3)8]TiO (27) vs. the 
saturated calomel electrode (SCE) in CH2CI2 
Qxd.ld Red.l Red.2 
scan rate Epa Eia (AEp)b ' W (AEp)b /pc"pac 
(mV s.1) 
1 0 +L21 -0.65 (70) L25 -0.97 (76) 1.03 
100 +1.24 -0.65 (74) 1.20 -0.97(64) 0.98 
200 +1.33 -0.65 (92) 1.20 -0.97(68) 0.94 
400 +1.34 -0.65(96) 1.21 -0.97 (84) 0.89 
a
 Half-wave potential (V) estimated by EI/2 = (Hpc + EjJ/2. 
b
 Peak to peak separation (mV) evaluated by AEp : |Ep. - Epd. 
c
 Peak current ratio o f / 
Irreversible oxidation peak. 




Appendix F Determination of aggregation number (n) and aggregation constant (K)f 
Assuming a one-step equilibrium between phthalocyanine monomer (Pc) and 
aggregated phthalocyanine (Pcw), the equilibrium by eq. 1 is established, where K is 
the aggregation constant and n is the aggregation number. 
I 
K 
n V c P c w (1) 
I 
a 
K is given by eq. 2 where (1 - x ) is the fraction of monomer concentration to 
the total concentration of phthalocyanine, Ct. 
I K = x/[n-Crlil - x f ] (2) 
Observed extinction coefficient (s) at certain wavelength (X) is represented by 
eq. 3, where zm and s„ are extinction coefficients for pure monomer and aggregate at 
respectively. 
s = x-zjn + ( 1 - x)'Em (3) 
• 
From (2) and (3), eq. 4 is obtained. 
I log[C t( l - dz m ) ] = log(C-iO + «-log{C t[6/6m - 6w/(«-8m)]}, (4) 
K where C nn/{n - zn/zm)n"\ 
1 
If the extinction of ^-aggregate, is very small relative to em at the 
absorption maximum of the monomer, (4) is simplified to eq. 5 at the absorption 
maximum by assuming s/sm » e„/(n-em) and n » en/sm. 
1 log[C t( l - e/sm)] = \og{n-K) + «-log[C t(6/6m)] (5) 
Plots of log[Ct(l - s/em)] V5. log[Ct(8/8m)] for compounds 23 and 25 gave 
straight lines as shown as below. The slopes of the lines represent the aggregation 
numbers («). From the intercepts [log(«-A^] and the ^-values, the aggregation 
+
 Tai, S.; Hayashi, N. J. Chem. Soc., Perkin Trans 2.1991 1275. 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 1-3 The isotopic ion distribution of W02(L3-N202)tr (65+H)+ observed 
in the LSI mass spectrum of 65. The bottom spectrum shows the 
corresponding simulated pattern. 
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Appendix K Crystallographic data of W02(L2-N202) (64) 
STRUCTURE DETERMINATION SUMMARY 
C r y s t a l Data 
E m p i r i c a l Formula C . , H N O W 
JO 3 7 J b 
C o l o r ; Habit C o l o r l e s s prism 
C r y s t a l s i z e (mm) 0 . 2 0 x 0 . 4 0 x 0 . 9 0 
C r y s t a l System Orthorhombic 
Space Group Pccn 
Uni t C e l l Dimens ions a » 3 4 . 0 9 4 ( 7 ) A 
b = 8 . 8 2 2 ( 2 ) A 
c - 1 4 . 1 8 5 ( 3 ) k 
Volume 4267(2) A3 
Z 4 
Formula w e i g h t 797,7 
3 
D e n s i t y ( c a l c • ) 1 .242 Mg/m 
- 1 
A b s o r p t i o n C o e f f i c i e n t 2 . 7 4 4 mm 
F(000) 1640 
150 
Data C o l l e c t i o n 
D i f f r a c t o m e t e r Used Rigaku AFC7R 
R a d i a t i o n MoKa (X 0 . 7 1 0 7 3 A) 
Temperature (K) 294 
Monochromator H i g h l y o r i e n t e d g r a p h i t e c r y s t a l 
20 Range 4 . 0 t o 5 0 . 0 
Scan Type at 
o 
Scan Speed V a r i a b l e ; 8 . 0 0 t o 3 2 . 0 / m i n . i n a 
o 
Scan Range (w) ( 1 . 0 + 0 .350) 
Background Measurement S t a t i o n a r y c r y s t a l and s t a t i o n a r y 
c o u n t e r a t b e g i n n i n g and end o f 
s c a n , each f o r 0.5% o f t o t a l 
s c a n t i m e 
Standard R e f l e c t i o n s 3 measured e v e r y 150 r e f l e c t i o n s 
(3 - 1 - 1 ) ; ( 2 - 5 - 1 ) ; ( 2 - 2 2) 
Index Ranges 0 h 40 , 0 k 10 
0 ^ 1 ^ 16 
R e f l e c t i o n s C o l l e c t e d 3771 
Independent R e f l e c t i o n s 3771 ( » i n t » 0.00%) 
Observed R e f l e c t i o n s 2103 (P > 6.0<r(F)) 
A b s o r p t i o n C o r r e c t i o n N/A 
151 
S o l u t i o n and R e f i n e m e n t 
System Used Siemens SHELXTL PLUS (PC V e r s i o n ) 
S o l u t i o n P a t t e r s o n Methods 
R e f i n e m e n t Method F u l l - M a t r i x L e a s t - S q u a r e s 
2 Q u a n t i t y Minimized F w ( F - F ) 
o c 
A b s o l u t e S t r u c t u r e N/A 
E x t i n c t i o n C o r r e c t i o n x s 0 . 0 0 0 2 7 ( 4 ) , where 
* 2 - 1 / 4 F - F [ 1 + 0 .002xF / s i n ( 2 0 ) ‘ 
Hydrogen Atoms R i d i n g model , f i x e d i s o t r o p i c U 
- X 2 2 
W e i g h t i n g Scheme w » <r (F) + 0 . 0 0 0 9 F 
Number o f Parameters R e f i n e d 200 
F i n a l R I n d i c e s ( o b s . d a t a ) R « 4 . 6 9 %, wR » 6 . 7 2 % 
R I n d i c e s ( a l l d a t a ) R » 8 . 4 8 %, wR = 8 . 2 6 % 
G o o d n e s s - o f - F i t 1 . 4 9 
L a r g e s t and Mean A/cr 0 . 2 7 3 , 0 . 0 2 8 
D a t a - t o - P a r a m e t e r R a t i o 1 0 . 5 : 1 
. - 3 
L a r g e s t D i f f e r e n c e Peak 0 . 9 0 eA 
. - 3 




4 T a b l e 1 . Atomic c o o r d i n a t e s (xlO ) and e q u i v a l e n t i s o t r o p i c 
d i s p l a c e m e n t c o e f f i c i e n t s (A 2 X10 3 ) 
x y z U(eq) 
W(l) 7500 7500 2 9 3 0 ( 1 ) 5 1 ( 1 ) 
0 ( 1 ) 7 3 5 1 ( 2 ) 6029(8 ) 3 6 4 7 ( 5 ) 6 5 ( 2 ) 
0 ( 2 ) 6 9 9 2 ( 2 ) 8 3 5 2 ( 9 ) 2 6 1 9 ( 5 ) 6 4 ( 3 ) 
N ( l ) 7 3 2 1 ( 2 ) 6087(9 ) 1 6 1 6 ( 6 ) 5 7 ( 3 ) 
C ( l ) 6 6 3 3 ( 3 ) 7785(10) 2 3 9 8 ( 8 ) 5 2 ( 4 ) 
C(2) 6 2 9 7 ( 3 ) 8658 (12 ) 2 5 7 1 ( 8 ) 6 0 ( 4 ) 
C(3) 5 9 4 6 ( 3 ) 8058 (16 ) 2 2 9 5 ( 9 ) 7 6 ( 5 ) 
C(4) 5 8 8 9 ( 3 ) 6671(16) 1914 9) 7 4 ( 5 ) 
C(5) 6 2 2 1 ( 3 ) 5846(14) 1 7 3 7 ( 9 ) 7 7 ( 5 ) 
C(6) 6 5 9 9 ( 3 ) 6378 (13 ) 1 9 7 8 ( 7 ) 5 7 ( 4 ) 
C(7) 6 9 4 2 ( 3 ) 5343(12) 1 7 6 0 ( 9 ) 6 9 ( 4 ) 
C(8) 7 3 2 4 ( 3 ) 6992(14 ) 7 6 3 ( 8 ) 6 7 ( 4 ) 
C(9) 5 4 7 6 ( 3 ) 6051(14) 1 6 3 0 ( 9 ) 102 (6 ) 
C(10) 5 4 9 2 ( 8 ) 4 5 6 8 ( 2 0 ) 9 9 2 ( 1 5 ) 114 9) 
C ( 1 0 ' ) 5 4 9 1 ( 1 0 ) 4255 (17 ) 1 4 6 8 ( 2 2 ) 9 5 ( 1 1 ) 
C ( l l ) 5 2 7 3 ( 8 ) 5672(29 ) 2 6 1 3 ( 1 2 ) 145 (12 ) 
C ( l l ' ) 5 1 8 0 ( 9 ) 6426(36) 2 4 6 0 ( 1 8 ) 1 1 9 ( 1 4 ) 
C(12) 5 2 3 8 ( 8 ) 7354(21 ) 1 1 0 8 ( 1 7 ) 133 (11 ) 
C ( 1 2 ' ) 5 3 3 2 ( 1 2 ) 6846(35) 6 8 1 ( 1 5 ) 118 (14 ) 
C(13) 6 3 3 4 ( 2 ) 10190(11) 3 0 6 3 ( 7 ) 7 5 ( 5 ) 
C(14) 5 9 2 8 ( 4 ) 11079(26) 3 0 2 9 ( 1 5 ) 7 2 ( 7 ) 
C ( 1 4 ' ) 5 9 0 9 ( 4 ) 10783(25) 3 3 6 1 ( 1 6 ) 7 4 ( 7 ) 
C(15) 6 4 7 9 ( 6 ) 10013(27) 4 1 2 1 ( 9 ) 5 4 ( 6 ) 
C ( 1 5 ' ) 6 5 8 5 ( 6 ) 9905 (34 ) 4 0 0 3 ( 1 2 ) 9 5 ( 1 1 ) 
C(16) 6 6 5 4 ( 5 ) 11129(32) 2483 18) 107 (12 ) 
C ( 1 6 ' ) 6 5 4 9 ( 6 ) 11417(23) 2 4 3 7 ( 1 4 ) 6 3 ( 7 ) 
N(2) 7500 2500 9 6 2 ( 3 5 ) 2 4 4 ( 1 9 ) 
C(17) 7500 2500 - 7 9 9 ( 1 7 ) 1 3 2 ( 9 ) 
C ( 1 8 ) 7500 2500 1 6 5 ( 2 5 ) 1 3 3 ( 9 ) 
C ( 1 9 ) 6 1 5 0 ( 1 6 ) - 9 6 9 ( 4 7 ) - 5 2 6 ( 4 4 ) 117 (24 ) 
C ( 1 9 ' ) 6 5 4 7 ( 1 4 ) 1625(50) 1 3 4 ( 5 8 ) 171 (30 ) 
C(20) 6 2 2 9 ( 7 ) 468 (31 ) - 2 ( 2 2 ) 1 0 6 ( 9 ) 
0 ( 3 ) 5 8 8 7 ( 1 0 ) 1256(49) 2 1 6 ( 3 7 ) 179 (21 ) 
0 ( 3 ' ) 6 3 7 4 ( 1 0 ) - 8 8 3 ( 3 1 ) - 3 6 5 ( 2 2 ) 8 5 ( 1 0 ) 
* E q u i v a l e n t i s o t r o p i c U d e f i n e d a s one t h i r d o f t h e 
t r a c e o f t h e o r t h o g o n a l i z e d t e n s o r 
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T a b l e 2 . Bond l e n g t h s (A) 
W ( l ) - 0 ( 1 ) 1 . 7 2 5 (7 ) W ( l ) - 0 ( 2 ) 1 . 9 3 8 (6) 
W ( l ) - N ( l ) 2 . 3 2 4 (8 ) W(1)-0(1A) 1 . 7 2 5 (7) 
W(1) -0 (2A) 1 . 9 3 8 (6 ) W(1)-N(1A) 2 . 3 2 4 (8) 
0 ( 2 ) - C ( l ) 1 . 3 6 0 (12) N ( l ) - C ( 7 ) 1 . 4 6 3 (12) 
N l ) - C ( 8 ) 1 . 4 4 9 (14) C ( l ) - C ( 2 ) 1 . 4 0 1 (13) 
C ( 1 ) _ C ( 6 ) 1 . 3 8 2 (14) C ( 2 ) - C ( 3 ) 1 . 3 6 9 (15) 
C ( 2 ) - C ( 1 3 ) 1 . 5 2 6 (14) C ( 3 ) - C ( 4 ) 1 . 3 5 1 (20) 
C ( 4 ) - C ( 5 ) 1 . 3 6 8 (16) C ( 4 ) - C ( 9 ) 1 . 5 6 4 (15) 
C ( 5 ) - C ( 6 ) 1 . 4 1 4 (15) C ( 6 ) - C ( 7 ) 1 . 5 1 6 (14) 
C ( 8 ) - C ( 8 A ) 1 . 4 9 6 (23) C ( 9 ) - C ( 1 0 ) 1 . 5 9 1 (23) 
C ( 9 ) - C ( 1 0 ' ) 1 . 6 0 2 (20) C ( 9 ) - C ( l l ) 1 . 5 9 2 (24) 
C ( 9 ) - C ( 1 1 ' ) 1 . 5 8 5 (31) C ( 9 ) - C ( 1 2 ) 1 . 5 9 0 (26) 
C ( 9 ) - C ( 1 2 ' ) 1 . 5 9 6 (29) C ( 1 3 ) - C ( 1 4 ) 1 . 5 9 2 (18) 
C ( 1 3 ) - C ( 1 4 ' ) 1 . 5 9 8 (17) C ( 1 3 ) - C ( 1 5 ) 1 - 5 8 7 (17) 
C ( 1 3 ) - C ( 1 5 ' ) 1 . 6 0 4 (20) C ( 1 3 ) - C ( 1 6 ) 1 . 5 9 9 (25) 
C ( 1 3 ) - C ( 1 6 ' ) 1 . 5 8 0 (22) N ( 2 ) - C ( 1 8 ) 1 . 1 3 1 (60) 
C ( 1 7 ) - C ( 1 8 ) 1 . 3 6 6 (42) C ( 1 9 ) - C ( 2 0 ) 1 . 4 9 5 (56) 
C ( 1 9 ' ) - C ( 2 0 ) 1 . 4 9 9 (53) 0 ( 2 0 ) - 0 ( 3 ) 1 . 3 9 4 (45) 
C ( 2 0 ) - 0 ( 3 ' ) 1 . 3 9 0 (40) 
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o 
Tabla 3• Bond a n g l e s ( ) 
0 ( l ) - W ( l ) - 0 2) 9 9 . 4 ( 3 ) 0 ( 1 ) - W ( 1 ) - N ( 1 ) 8 9 . 5 ( 3 ) 
0 ( 2 ) - W ( l ) - N ( l ) 7 7 . 9 ( 3 ) 0 ( 1 ) - W ( 1 ) - 0 ( 1 A ) 1 0 7 . 8 ( 5 ) 
0 ( 2 ) - W ( l ) - 0 ( l A ) 9 6 . 0 ( 3 ) N(1) -W(1) -0{1A) 1 6 2 . 5 ( 3 ) 
0 ( 1 ) - W ( 1 ) - 0 ( 2 A ) 9 6 . 0 ( 3 ) 0 ( 2 ) - W ( l ) - 0 ( 2 A ) 1 5 3 . 7 ( 4 ) 
N ( 1 ) - W ( 1 ) - 0 ( 2 A ) 8 1 . 1 ( 3 ) 0 (1A) -W(1) -0 (2A) 9 9 . 4 ( 3 ) 
0 ( 1 ) - W ( 1 ) - N ( 1 A ) 1 6 2 . 5 ( 3 ) 0 (2 ) -W(1) -N(1A) 8 1 . 1 ( 3 ) 
N(1 ) -W(1) -N(1A) 7 3 . 4 ( 4 ) 0(1A)-W(1)-N(1A) 8 9 . 5 ( 3 ) 
0 (2A) -W(1) -N(1A) 7 7 . 9 ( 3 ) W ( 1 ) - 0 ( 2 ) - C ( 1 ) 1 3 5 . 6 ( 6 ) 
W ( l ) - N ( l ) - C ( 7 ) 1 1 1 . 2 ( 7 ) W ( l ) - N ( l ) - C ( 8 ) 1 1 1 . 8 ( 6 ) 
C ( 7 ) - N ( l ) - C ( 8 ) 1 1 1 . 8 ( 8 ) 0 ( 2 ) - C ( l ) - C ( 2 ) 1 1 9 . 5 ( 8 ) 
0 ( 2 ) - C ( l ) - C ( 6 ) 1 2 0 . 4 ( 9 ) C ( 2 ) - C ( l ) - C ( 6 ) 1 2 0 . 0 ( 9 ) 
C ( l ) - C ( 2 ) - C ( 3 ) 1 1 6 . 9 ( 1 0 ) C ( l ) - C ( 2 ) - C { 1 3 ) 1 2 0 . 0 ( 8 ) 
C ( 3 ) _ C ( 2 ) _ C ( 1 3 ) 1 2 3 . 1 ( 9 ) C ( 2 ) - C ( 3 ) - C ( 4 ) 1 2 6 . 2 ( 1 1 ) 
C ( 3 ) - C ( 4 ) - C ( 5 ) 1 1 6 . 0 ( 1 1 ) C ( 3 ) - C ( 4 ) - C ( 9 ) 1 2 3 . 2 ( 1 1 ) 
C ( 5 ) - C ( 4 > - C ( 9 ) 1 2 0 . 7 ( 1 2 ) C ( 4 ) - C ( 5 ) - C ( 6 ) 1 2 2 . 2 ( 1 2 ) 
C ( l ) - C ( 6 ) - C ( 5 > 1 1 8 . 6 ( 1 0 ) C ( l ) - C ( 6 ) - C ( 7 ) 1 2 4 . 3 ( 9 ) 
C ( 5 ) - C ( 6 ) - C ( 7 ) 1 1 7 . 0 ( 1 0 ) N ( l ) - C ( 7 ) - C ( 6 ) 1 1 6 . 1 ( 8 ) 
N ( 1 ) - C ( 8 ) - C ( 8 A ) 1 0 9 . 7 ( 7 ) C ( 4 ) - C ( 9 ) - C ( 1 0 ) 1 1 3 . 8 ( 1 2 ) 
C ( 4 ) - C ( 9 ) - C ( 1 0 ' ) 1 1 0 . 7 ( 1 4 ) C ( 1 0 ) - C ( 9 ) - C ( 1 0 ' ) 2 6 . 4 ( 1 4 ) 
C ( 4 ) - C ( 9 ) - C ( l l ) 1 0 3 . 9 ( 1 3 ) C ( 1 0 ) - C ( 9 ) - C ( 1 1 ) 1 0 9 . 9 ( 1 4 ) 
C ( 4 ) - C < 9 ) - C { 1 1 ' ) 1 0 7 . 9 ( 1 4 ) C ( 1 0 ' ) - C ( 9 ) - C ( 1 1 ' ) 1 0 9 . 5 ( 1 8 ) 
C ( 4 ) - C ( 9 ) - C ( 1 2 ) 1 0 9 . 1 ( 1 2 ) C ( 1 0 ) - C ( 9 ) - C ( 1 2 ) 1 1 0 . 3 ( 1 4 ) 
C ( l l ) - C ( 9 ) - C ( 1 2 ) 1 0 9 . 7 ( 1 5 ) C ( 4 ) - C ( 9 ) - C ( 1 2 ' ) 1 0 9 . 9 ( 1 6 ) 
C ( 1 0 ' ) - C ( 9 ) - C ( 1 2 ' ) 1 0 8 . 9 ( 1 7 ) C ( 1 1 ' ) - C ( 9 ) - C ( 1 2 ' ) 1 0 9 . 8 ( 1 7 ) 
C ( 2 ) - C ( 1 3 ) - C ( 1 4 ) 1 1 0 . 5 ( 1 0 ) C ( 2 ) - C ( 1 3 ) - C ( 1 4 ' ) 1 0 9 . 6 ( 1 0 ) 
C ( 2 ) - C ( 1 3 ) - C ( 1 5 ) 1 1 1 . 7 ( 1 1 ) C ( 1 4 ) - C ( 1 3 ) - C ( 1 5 ) 1 1 0 . 3 ( 1 2 ) 
C ( 2 ) - C ( 1 3 ) - C ( 1 5 ' ) 1 0 6 . 5 ( 1 2 ) C ( 1 4 ' ) - C ( 1 3 ) - C ( 1 5 ' ) 1 0 8 . 4 ( 1 2 ) 
C ( 2 ) - C ( 1 3 ) - C ( 1 6 ) 1 0 6 . 2 ( 1 2 ) C ( 1 4 ) - C ( 1 3 ) - C ( 1 6 ) 1 0 8 . 9 ( 1 3 ) 
C ( 1 5 ) - C ( 1 3 ) - C ( 1 6 ) 1 0 9 . 0 ( 1 2 ) C ( 2 ) - C ( 1 3 ) - C ( 1 6 ' ) 1 1 2 . 8 ( 1 0 ) 
C ( 1 4 ' ) - C ( 1 3 ) - C ( 1 6 ' ) 1 1 0 . 1 ( 1 2 ) C ( 1 5 ' ) - C ( 1 3 ) - C ( 1 6 ' ) 1 0 9 . 2 ( 1 2 ) 
N(2)-C(18)-C(17) 1 8 0 . 0 ( 1 ) C ( 1 9 ) - C ( 2 0 ) - 0 ( 3 ) 1 1 2 . 3 ( 3 2 ) 
C ( 1 9 ' ) - C ( 2 0 ) - 0 ( 3 ' ) 112.0(29) 
Symmetry t r a n s f o r m a t i o n s : a ( 1 . 5 - x , 1 . 5 - y , z ) 
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T a b l e 4 . A n i s o t r o p i c d i s p l a c e m e n t c o e f f i c i e n t s ( A 2 X 1 0 3 ) 
u u u u u u 
11 22 33 12 13 u 2 3 
W(l) 4 3 ( 1 ) 5 9 ( 1 ) 5 2 ( 1 ) - 3 ( 1 ) 17 (1 ) 8 ( 3 ) 
0 ( 1 ) 6 2 ( 4 ) 7 0 ( 4 ) 6 3 ( 5 ) - 1 4 ( 3 ) 4 ( 4 ) 1 0 ( 4 ) 
0 ( 2 ) 4 7 ( 4 ) 7 2 ( 5 ) 7 4 ( 5 ) - 7 ( 4 ) - 3 ( 4 ) - 1 0 ( 4 ) 
N ( l ) 4 5 ( 4 ) 6 8 ( 5 ) 5 9 ( 5 ) - 1 ( 4 ) 2 ( 4 ) - 1 1 ( 5 ) 
C ( l ) 4 6 ( 5 ) 5 3 ( 8 ) 5 8 ( 6 ) - 6 ( 4 ) - 5 ( 5 ) 1 3 ( 5 ) 
C(2) 3 7 ( 5 ) 7 4 ( 7 ) 7 0 ( 7 ) 7 ( 5 ) - 4 ( 5 ) 5 ( 6 ) 
C(3) 4 9 ( 6 ) 9 2 ( 8 ) 8 8 ( 9 ) 5 ( 6 ) - 5 ( 7 ) - 9 ( 8 ) 
C(4) 4 0 ( 6 ) 9 1 ( 9 ) 9 3 ( 1 0 ) - 1 1 ( 6 ) - 7 ( 6 ) 1 ( 8 ) 
C(5) 5 5 ( 6 ) 7 9 ( 8 ) 9 8 ( 9 ) - 4 ( 6 ) - 7 ( 6 ) 0 ( 7 ) 
C(6) 4 4 ( 5 ) 6 7 ( 7 ) 5 9 ( 7 ) - 1 0 ( 5 ) - 7 ( 5 ) 2 ( 6 ) 
C(7) 4 8 ( 6 ) 6 3 ( 7 ) 9 5 ( 9 ) - 1 ( 5 ) - 1 0 ( 6 ) - 6 ( 6 ) 
C(8) 4 7 ( 5 ) 1 0 0 ( 9 ) 5 4 ( 6 ) - 2 ( 6 ) - 2 ( 6 ) 5 ( 6 ) 
C(9) 4 9 ( 6 ) 131 (12 ) 1 2 4 ( 1 1 ) - 9 ( 8 ) - 6 ( 7 ) - 1 0 ( 1 0 ) 
C(13) 5 1 ( 6 ) 7 5 ( 8 ) 1 0 0 ( 1 0 ) 1 5 ( 6 ) - 1 ( 6 ) - 1 9 ( 7 ) 
The a n i s o t r o p i c d i s p l a c e m e n t exponent t a k e s t h e form: 
- 2 T 2 < h 2 a * 2 U + . . . + 2hka*b*U 1 2 ) 
158 
4 
T a b l e 5 . H-Atora c o o r d i n a t e s (xlO ) and i s o t r o p i c 
d i s p l a c e m e n t c o e f f i c i e n t s (A2X10 ) 
x y z U 
H(1A) 7505 5364 1544 80 
H(3A) 5716 8667 2399 80 
H(5A) 6197 4880 1431 80 
H(7A) 6970 4630 2266 80 
H(7B) 6879 4782 1200 80 
H(8A) 7089 7584 728 80 
H(8B) 7333 6337 224 80 
H(17C) 7458 1479 - 1 0 1 0 80 
H(17A) 7747 2842 - 1 0 4 6 80 
H(17B) 7293 3124 - 1 0 4 6 80 
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Appendix L Kinetic data for the oxo-transfer reactions 
The Plot of fn{[Benzoin]0/[Benzoin]} vs. time 
1.2 ———..."—...— ——— 1 
I:: 
“ l / ^ I 
Q -..- ,
 T- I t •-- • . T"* - * 
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 
Time (min) 
Condition: [Benzoin] (0.28 M) and complex in (CD3)2SO at 100°C 
• W02(Ll-N202) (63) slope = 1.85 x 10"6 s"1 = U s = ki [63] 
= k!X 0.0144 M 
=>ki = 1.28x 10"4 M"1 s"1 
• W02(L3-N202) (65) slope = 1.40 x 10"6 s"1 = kobs = kt [65] 
=k, x 0.0148 M 
=>k! = 9.43xl0"5 M"1 s"1 
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